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ABSTRACT 
Experimental and analytical investigations were carried out to 
determine the behavior of laterally loaded walls constructed of brick 
veneer with metal stud backup. 
The experimental investigation consisted of two phases: The first 
phase involved the testing of two different types of metal ties, corru-
gated and drywall adjustable (DW 10) ties, for axial stiffnesses. These 
ties are used to connect brick veneer to metal stud backup walls. The 
tests showed that the stiffer corrugated wall ties were comparable to 
the adjustable ties in axial stiffnesses. However, there is some varia-
bility in axial stiffnesses of the corrugated ties depending upon the 
point at which they are bent. Based on its performance in the tie test, 
a 14 gage DW 10 tie was chosen for use in connecting the brick veneer to 
the metal stud backup wall in the next phase. 
The second phase involved the testing of six simple span brick 
veneer walls with metal stud backup to measure their deflection charac-
teristics under lateral load. The purpose of Phase Two was to establish 
approximately the performance of walls designed in accordance with metal 
stud industry standards. In the current design procedure, the metal 
studs are designed to resist the full lateral load without exceeding a 
midspan deflection limit of L/360, where L is the stud height. Addi-
tionally, the maximum allowable stress in the metal stud may not be 
exceeded. The walls were tested in two batches: three under positive 
lateral load and three under negative lateral load to levels of design 
load, twice design load and three times design load. The walls were 
also tested for water penetration before and after loading using a modi-
fied version of ASTM E514. 
The analytical aspect included the development of models to simu-
late the behavior of the wall system under wind pressures and for dif-
ferent boundary conditions and tie stiffnesses. 
The results of the lateral load tests show that brick veneer walls 
supported on shelf angles with steel stud backup are capable of with-
standing without flexural failure of the brick veneer, two times the 
load for which the wall system is designed. Also, the results of the 
analytical study show that the wall system 1 s performance depends on such 
factors as the support conditions of the brick veneer, tie stiffness, 
composite action between the studs and the gypsum boards and the rela-
tive stiffnesses of the brick veneer and the backup wall. 
Water permeance, measured using a modified version of ASTM E514, 
did not correlate closely with the level of load to which t he wall was 
previously subjected. There was no significant increase or decrease in 
water permeance after the walls were subjected to twice design load. 
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CHAPTER I 
INTRODUCTION 
• Recently, the use of exterior brick-masonry veneer with cold-formed 
steel stud backup wall systems has become increasingly popular. 
A veneered wall is by definition a wall having a facing of masonry 
units or other weather-resisting non-combustible materials securely 
attached to the backup, but not bonded or attached so as to exert common 
action under axial load (l)a. A brick veneered wall consists of an 
exterior wythe of brick isolated from the backup by an airspace and 
attached to the backup with corrosion resistant metal ties (Fig. 1). 
The outer brick wythe gives the appearance of traditional masonry con-
struction, while the steel stud backup system may be erected with more 
speed and economy than a backup wythe of masonry. The steel stud system 
is lighter in weight than masonry backup systems, and may be easily 
insulated for thermal and sound control (1). 
One area of concern of the steel stud and the brick veneer wall 
system is the apparent difference in flexural stiffness between the 
steel stud and the brick veneer wall it supports. Although the steel has 
sufficient strength to carry lateral wind loads, it may not do so with-
out deflecting more than the attached veneer can tolerate. Simple beam 
theory shows that the stiffer brick veneer which is tied to the steel 
stud with metal ties, carries substantial lateral load until flexural 
tensile cracks form. Only after flexural failure of the brick wythe has 
occurred can the steel stud backup serve its intended purpose according 
a Numbers in parenthesis refer to the Bibliography section. 








to simple beam theory. Even though flexural cracking of the brick veneer 
does not cause catastrophic structural failure, water permeance may be 
likely. 
In order to tie the brick veneer to the steel stud backup, corro-
sion resistant metal ties are attached to the steel studs with self-
drilling, self-tapping screws. Corrugated ties used for this detail are 
usually flexible, both axially and laterally (Fig. 2 a). The result of 
using such flexible ties is an increase in the lateral load resisted by 
the brick veneer. The Brick Institute of America (BIA) (1), recommends 
adjustable wire ties (Fig. 2 b), which have high axial stiffness, and 
tolerance to vertical movements. This is an adjustable Dry Wall (DW 10) 
tie. 
The thicker corrugated ties, though stiffer than the lighter ones, 
have to be pre-bent because they cannot easily be bent at the building 
site. This poses some construction problems. The metal stud contrac-
tors install these ties and the masons encounter difficulties in laying 
the bricks with these ties sticking out. Moreover, the pre-bent ties 
may be difficult to line up with the mortar joints. The corrugated ties 
are not designed to accommodate vertical movements of the brick wall. 
The DW 10 ties are adjustable and can move laterally and vertically. 
The DW 10 ties are especially good for continuous wall construction 
where large relative vertical movements of the brick wall can be 
expected. 
(a) Corrugated Wall Ties Fabricated 
From Galvanized Steel 
(b) Adjustable Wall Tie Consisting of 3/16 in. 
Wire with Galvanized Steel Backing 
Figure 2. Two Types of Wall Ties Presently Used in Brick 
Veneer Steel Stud Construction 
4 
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Present Design Criteria 
In the current design procedure for the wall systems, the metal 
studs are designed to resist the full lateral load without exceeding a 
mid-span deflection limit of L/360, where L is the height of the wall. 
Another criterion which is used concurrently with the deflection limita-
tion is a maximum stress limitation in the metal stud wall under full 
design wind load. 
The Brick Institute of America (BIA) suggests that the design 
criteria presently used in producing most metal stud design tables are 
not adequate. In particular, the BIA contends that the imposition of a 
deflection limit of L/360 on the metal studs alone under full design 
wind load does not assure sufficient stiffness of the wall system to 
prevent cracking and distress of the brick veneer. The Metal Lath/Steel 
Framing Association, on the other hand, claims that such design criteria 
will result in wall assemblies with deflections that will not cause the 
cracking of the brick wall. They contend that the wall assembly as 
designed will remain elastic and functional. 
Statement of Problem 
Although this method of construction is gaining popularity, there 
are a number of questions to be answered regarding the current design 
methods. In the design of wall systems under lateral loads, it is usu-
ally assumed that the exterior wall must initially resist the lateral 
load and then transfer it to the building frame and eventually to the 
foundation. However it is hypothesized (1,2) that the metal studs carry 
appreciable load only after the veneer wall has failed structurally. 
The transfer of load in the wall system is therefore not fully known. 
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Also for proper load distribution, the brick veneer must be 
connected to the backup with metal ties, in sufficient numbers and of 
sufficient stiffness that under lateral loading both the brick veneer 
and the steel stud backup wall deflect nearly equally. Presently there 
is little information on the load carrying and deflection capacities of 
the metal ties. The axial stiffnesses of the metal ties for efficient 
and economic performance of the wall system are not published. It is 
therefore difficult to select the right type of ties for use in the wall 
system. 
There is lack of established data on the question of relative rig-
idities of brick veneer facing and metal stud backup, therefore, the 
recommended limitations on deflection are based on engineering judge-
ment. Full-scale experimental tests need to be performed to yield 
information necessary to understand the performance of the wall system. 
Another area of concern involves the problems of water penetration. 
The majority of these problems occur because there are no standard 
accepted details available for this type of construction. Improperly 
designed flashing, weepholes, movement joints, ties and anchors, and 
projections of floor slabs to the outside face of the veneer, all may 
lead to water penetration problems. Water penetration may also be 
aggravated by lateral wind loads. 
In addition to these problems, different support conditions, and 
inelastic behavior of the wall system need to be investigated. These 
will yield the necessary information required to better understand the 
behavior of the brick wall and the metal stud backup \vall system. 
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Goal of Investigation 
The objective of this investigation is to provide pertinent answers 
to some of the controversial questions concerning this method of build-
ing construction. This investigation will provide preliminary data nec-
essary to establish new, or confirm existing guidelines for the system-
atic analysis and design criteria for this wall system. 
The performance of the wall system resulting from current design 
procedures and construction techniques has raised questions as to the 
adequacy of these procedures and techniques. In order to determine the 
validity of the current design procedures, six full-scale walls will be 
designed and built according to these procedures. These walls will be 
subjected to lateral wind loads and deflections along their lengths 
measured. These full-scale lateral load tests will establish whether or 
not this is an acceptable method of design subject to certain limita-
tions. 
The axial stiffnesses of the corrugated and drywall adjustable ties 
used in this wall system are not published. This makes it difficult to 
recommend a tie for use in the wall system. Therefore, a tie test will 
be designed to obtain the axial stiffnesses of these two types of ties 
and a tie selected and recommended for use based on its performance in 
the tie test. The axial performance characteristics of all ties tested 
will be reported. 
Another area of concern involves the problems of water penetration. 
Water permeance tests will be designed and performed on the walls before 
each lateral load test in order to determine their water permeance char-
acteristics. Although each water permeance test \vill be for a duration 
of 3 hours, the tests will yield useful information about the water 
absorption characteristics of the walls. 
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In addition to these tests, mathematical models will be designed to 
investigate different support conditions, tie stiffnesses, relative wall 
stiffnesses and inelastic behavior of the wall system. The models cou-
pled with the results of the experimental data will allow judgements 
concerning variations in the system to be made on a sound engineering 
basis. 
Sequence of Investigation 
Analytical and experimental investigations were undertaken to 
determine the interaction characteristics of the steel stud backup sys-
tem used with brick veneer. 
The experimental tests were in two phases. The first experimental 
phase included the determination of the axial load deformation charac-
teristics of two types of wall ties, corrugated and drywall (DW 10) 
ties. Four kinds of corrugated ties with different thicknesses and two 
different kinds of DW 10 ties were tested. A 14 ga DW 10 tie was 
selected based on its performance in this test. The tie chosen was used 
in the construction of the full-scale walls in the second experimental 
phase. 
The second experimental phase included the determination of lateral 
load versus deflection characteristics of six full-scale brick veneer 
walls with steel stud backup. Three walls were tested under positive 
lateral load and the other three, under negative lateral load. Each 
wall was subjected to a maximum of three times its design load. Also 
water permeance tests were performed on the \yalls before each loading. 
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The tests evaluated the ~esistance of this wall system to lateral forces 
and simulated wind d~iven rain. 
The analytical investigation included developing mathematical mod-
els to study the effect of different support conditions of the brick 
veneer and the inelastic behavior and composite behavior of the ivall 
system. Parametric studies were done on tie stiffness and relative 
stiffness of the brick veneer and the steel stud backup. 
CHAPTER II 
TEST PROGRAM 
Phase One: Experimental Evaluation of Wall Ties 
Purpose 
Different types of wall ties are on the market today for use in 
many types of construction including brick veneer with steel stud backup 
walls. The axial characteristic behavior of these wall ties is not 
available. The objective of these tests was to determine the axial 
characteristic behavior of some of the wall ties that are commonly used 
today. 
In mathematical models for this wall system, the metal ties are 
represented as linear springs. The tests showed that the corrugated 
wall ties behaved non-linearly. The thicker drywall adjustable ties 
showed linear behavior. Axial wall tie stiffnesses were determined from 
the tests so that accurate mathematical models could be obtained. 
Materials and Equipment 
The materials used in the tie tests included bricks, portland 
cement , sand, gypsum sheathing, four corrugated ties: gages 22, 20 , 18 , 
16 , and two DW (Dry Wall ) 10 ties: gages 14 and 12 , and a steel plate 
( 6 in. by 23 in.). The two t ypes of ties tested are shown in Fig. 2. 
The equipment used included a universal testing machine accurate to 
within 1 lb. with drum plotter accessories, one dial gage, one linear 
t r ansducer and a double-acting hydraulic pump. A photo of the test 
set-up is shown in Fig. 3, and a schematic drawing in Fig. 4. 
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Figure 4. A Schematic Drawing of Tie Test Setup 
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Fabrication of Specimens 
The mortar was made by taking one part by volume of portland 
cement, and three parts by volume of sand and mixing with a trm.,rel in 
the basin. Water was added to the mix until it was plastic and workable. 
Two bricks were laid on a flat surface one on top of the other, and 
leveled. The top brick was removed and mortar was applied to the lower 
brick. The tie was then embedded in the mortar and the top brick placed 
over the mortar, and leveled. Excess mortar was removed with the trowel. 
The mortar joint was made 3/8 in. thick. The brick prism was left to 
cure for at least seven days before testing. When the mortar was cured, 
the assembly was attached to the steel plate with bolts and nuts (Fig. 
3). The gypsum s~eathing was attached to the steel plate so that the 
sheathing was between the tie and the steel plate. A space of one inch 
was provided between the sheathing and the brick. 
For the 18 gage corrugated tie, the distance, "a", (Fig. 5), that 
is, the distance between the point at which the tie was screwed to the 
metal stud and the point at which the tie was bent, was varied. Two 
cases were tested, a = 2 in. and a = 5/8 in. The dimension 11 a" \.Jas var-
ied because in actual wall construction its value will depend on the 
level of mortar joint into which the tie is bent. Therefore, 11 a 11 may be 
different at different locations of mortar joints. The value of 11 a" was 
varied only for 18 gage corrugated ties. This was so because the 18 ga 
corrugated tie was the corrugated tie that had high axial stiffness with 
a = 5/8 in. from the tie tests. It can be bent by hand and has a high 
stiffness value with a = 5/8 in. In order to demonstrate the effect of 
"a 11 on the stiffness, a larger value of a = 2 in. was used in the test. 
With a= 2 in., the axial stiffness of the tie was reduced considerably. 
14 
a 
Figure 5. Measurement, a, of a Corrugated Tie 
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Test Procedure 
The double-acting pump (Fig. 3) was attached to the head of the 
testing machine. To the pump was attached a clamp to hold the brick 
prism, (Fig. 6). The testing machine was pre-loaded with dead weights 
so that both compressive and tensile loads could be indicated by the 
testing machine. The test specimen was clamped to the base plate of the 
testing machine and the scale brought to the starting point. In the 
adjustable ties, the wires were centered, both horizontally and verti-
cally, Hith respect to the backing (Fig. 4). It is expected that the 
minimum axial stiffness would result from such centering. The head of 
the testing machine was then lowered until the holding device encom-
passed the brick prism. The device was then screwed down to hold the 
brick prism firmly. The initial dial gage reading was noted and the pen 
on the plotter set at the starting point on the graph paper on the drum. 
The drum plotter was used to record the linear potentiometer output. 
Compressive and tensile loads were applied through a double acting actu-
ator powered by a hand operated hydraulic pump. 
Three peak loads were used, namely 50 lbs., 100 lbs., and 150 lbs, 
both in tension and compression. At any one level of loading, both the 
highest compressive load and the highest tensile load \·Jere numeri::::ally 
equal. At each load level the load was cycled five times. When the 
desired compressive load was attained, the load was reversed and brought 
back to zero. Tensile load was then applied until the desired tensile 
load was achieved. The load was reversed and brought back to zero. The 
process of loading from zero load to the desired compressive load and 
back to zero, then to the desired tensile load and back to zero, is 
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Figure 6. Clamping Device for Holding Brick Prism 
called one cycle of loading. Each cycle required a time of approxi-
mately five minutes. 
Purpose 
Phase Two: Lateral Load Tisting 
of Full-Scale Panels 
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The aim of this phase was to subject six full-scale wall panels to 
lateral loads and water permeance tests. Three of the walls were sub-
jected to positive pressure and the o~her three to negative pressure. 
In the positive pressure test, the untooled mortar joints were in ten-
sion and in the negative pressure test, the tooled mortar joints were in 
tension. The tooled mortar joints have higher tensile strength than the 
untooled mortar joints. 
Materials and Equipment 
The materials us~d included the following: Bricks, Type S Portland 
cement/lime mortar, steel angles, neoprene strips, dial gauges, 3 5/8 
in. wide 20 ga structural cee studs, 1 1/2 in. wide, 16 ga channel 
bridgings, 3 5/8 in. 20 ga runner tracks, 1/4 in. drilled expansion 
anchors, 1/2 in. gypsum wallboard, 1/2 in. gypsum sheathing, reglet and 
flashing, 14 ga OW 10 ties, 27 ft. circular rubber tube, weather strip-
ping material, 1 in. No. 6-DG screws, epoxy, two 4 X 4 timber, 3/4 in. 
plywood, 1/4 in. plexiglass, glue, 2 X 4 timber, 1/2 in. screws, bolts 
and nuts. The physical and structural properties of the studs were: 
weight= 0.804 lb/ft, area= 0.208 in 2 , Ixx = 0.540 in 4 , 
r = 1.450 in., I = 0.076 in 4 , r = 0.591 in., F = 33 ksi, 
X yy V y 
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allowable compression stress = 19,800 psi, resistance moment= 5,900 
in-lb and E = 29500 ksi. The modulus of elasticity used for the gypsum 
s 
sheathing was 245 ksi. All metal studs were galvanized. 
The equipment used included the following: variable a-c voltage 
pat·ler supply (variac), water pump, plastic \·later tank, \.;ater hoses, flow 
meter, vacuum cleaner motor, 1/4 in. metal strips, clamps, pressure 
chamber, and water permeance chamber. 
Fabrication of Supporting System and Pressure Chamber 
The support system for the test specimens was a reinforced concrete 
frame. The frame was 18 ft. long and 10 ft. high. The bottom beam was 
rectangular and was 18 in. by 12 in., in section, Figs. 7 and 8. The 
top beam had an 'L' section with its long dimension equal to 12 in. 
(Fig. 8, Detail A). The two columns (Fig. 9), had a 12 in. square sec-
tion. No. 6 rebars were used in the construction of the frame. The frame 
was designed and constructed to support the walls. The frame was cast 
horizontally, erected and braced with steel channels, Fig. 9. This type 
of construction was chosen to facilitate removal and storage of the con-
crete frame upon completion of the tests. 
The pressure chamber was built using timber, 1/4 in. plexiglass, 
3/4 in. plywood, 1 1/4 in. screws, glue, and bolts, Fig. 10. The sides 
of the chamber were made with the plexiglass. Two 12 in. by 12 in. 
plexiglass windows were built on the back of ~he chamber. The overall 
dimension of ~he chamber was 120 in. by 58 in. The inside dimension of 
the chamber was 113 3/4 in. by 49 in. and was 10 in. deep. A water 


















• HORIZONTAL JOINT APPROXIMATELY AT 
MIDHEIGHT IN SHEATHING AND GYPSUM 
WALLBOARD 
••ONE ROW OF BRIDGING, lr, 16 GA. 
APPROXIMATELY AT MIDHEIGHT, 
SCREWED TO STUDS WITH CLIP 
ANGLES 
Figure 7. Typical Brick Veneer Steel Stud Wall Tested for Lateral Load 
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A Schematic Drawing of the Concrete Frame 
22 
Figure 10. Pressure Chamber 
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A special feature of the pressure chamber was that it had a 1 in. 
by 1 1/2 in. groove around the inside periphery. In this groove was 
placed the long rubber inner tube. The tube ;.;as employed to seal the 
gap between the brick veneer and the chamber without restrainlng the 
wall's lateral movement. This meant that the sides of the walls were not 
restrained from moving during the lateral load tests. Prior to applying 
air pressure on the wall, the tube was placed in the groove. The cham-
ber was then pushed to the wall and clamped to the two 4 by 4 timbers 
and the concrete frame (Fig. 11). The tube was then inflated to a pres-
sure of 9 ± 0.5 psi and it expanded and pressed against the sides, top 
and bottom of the brick wall, thereby sealing the gap between the wall 
and the chamber. A cross section of the brick wall with the pressure 
chamber in place is shown in Fig. 12. 
The chamber was mounted on four "'heels so that it could be moved 
frcm wall to wall and also for easy storage. A hole was drilled at 
about the center of the chamber for applying the pressure with an indus-
trial (vacuum cleaner) blower. 
Design and Fabrication of Test Specimens 
The wall panels were designed in such a \vay that the steel studs 
alone would experience a lateral deflection of L/350 under the design 
lateral wind load, where L is the height of the wall. For these tests, 
20-gage, 3-5/8 inch channel studs at 24 inches on center, 7 feet 10 l/2 
ins. in height were used to resist a 24.16 psf design wind load (Figs. 7 
and 8). The physical and structural properties of the studs were: 
weight= 0.804 lb/ft, area= 0.208 in 2 I = 0.540 in 4 , S = 0.298 'nl 
- ' XX X ~· ' 
r = 1.450 in., I = 0.075 in 4 , r = 0.591 in, F = 33 ksi, 
X yy y y 
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Figure 11. Location of Dial Gages at the Back of the Walls 
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RUBBER TUBE RUBBER TUBE 
BRICKWALL 
~ 3/411 PLYWOOD 
Figure 12. Cross Section Through Brick Hall and Lateral Loading Chamber 
Illustrating Inflatable Rubber Tube 
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allowable compression stress= 19,800 psi, resistance moment= 5,900 
in-lb. The design load was obtained from the following formula: 
t:. = 5qL 4 /384EI, 
k ' ' 4 d 5 ' where E = 29,500 s1, I = 0.540 1n an L = 94. 1n. The deflection was 
limited to t:. = L/360. From these data, one obtains q = 4.026 lb/in .. 
Substituting into the formula for the load, Q, in psf = 144q/(stud spac-
ing) with stud spacing = 24 in., the result is Q = 24.16 psf. 
Exterior gypsum sheathing, 1/2 in. thick and interior gypsum panel (1/2 
in.) were attached to the studs using No. 6-DG screws, one inch in 
length. One row of 1 1/2 in., 16 ga bridging was provided at approxi-
mately mid-height of the studs. Horizontal joints were provided at 
approximately mid-height in the gypsum panel and at three different lev-
els in the gypsum sheathing. The joints in the interior gypsum board 
were taped and floated. Runners were attached to the concrete frame 
with 1/4 in. diameter drilled expansion anchors (three anchors per run-
ner). All the brick veneers were 4 in. walls. 
Six full-scale wall panels, three of which are shown in Fig. 13, 
were constructed and tested for lateral load resistance and resistance 
to water permeance. The brick wall was supported on shelf-angles and the 
metal studs were attached to runners which were in turn attached to 
spandrel beams at top and bottom (Fig. 7). 
A framing contractor was hired to construct the framing and a 
masonry contractor construtted the masonry. The masonry was constructed 
by journeyman bricklayers in its intended location on shelf angles atta-
ched to the concrete frames. Using this method of construction, no walls 
were moved after fabrication. The six brick walls were built in two 
27 
Figure 13. Three Wall s Subjected to Lateral Load 
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batches, three walls in each batch. The mortar was mixed in a 2 1/2 ft 
paddle mixer according to the proportion method of ASTM C270, Type S. 
The bed joints were lightly furrowed and tapered in order to mini-
mize mortar droppings into the cavity. Head joints were completely 
filled with mortar. Joints were tooled with a concave joint tooler 
after the mortar was "thumbprint 11 hard. 
The same backup walls \.Jere used throughout the tests. That is, the 
backup walls were reused with the second batch of brick walls. 
The ties selected in Phase One (DW 10, 14 ga adjustable), were 
spaced at 16 in. on center vertically and 24 in. horizontally, according 
to the published recommendations of the Brick Institute of America (1). 
Quality Control 
Six full-scale walls were built and tested. The six walls were 
built in two batches with three walls built in each batch. In order to 
minimize variations in masonry quality from wall to wall, the masonry in 
each group of three walls was constructed in a single operation. In 
addition to the three prototype walls, nine prisms were fabricated; 
three for compressive tests (3}, and six for flexural tests using the 
standard ASTM E518 (4) and the Bond Wrench (5) methods. Mortar was 
tested for air-content, flow, and cube strength (6). Prism and mortar 
test specimens were air cured in the environment in which the walls were 
stored. Brick Has subjected to the following ASTM C67 (7) tests: com-
pression, absorption (24 hr cold water and 5 hr boiling water), and ini-
tial rate of absorption. The walls were stored in controlled laboratory 
air for at least 28 days before testing (8). Attempts were made to 
insure a minimum of variation from specimen to specimen. All masonry 
work complied \vi th inspected workmanship as defined by the Brick 
Institute of America (9). 
Water Permeance Testing 
29 
A modified version of ASTM E514 - 79 (10) was used to evaluate the 
water permeance of the brick veneer before and after loading. It was 
necessary to modify the test procedure because of the difference in size 
betHeen the prototype wall and the standard E514 wall specimen and 
because the back of the brick veneer was not accessible. In the tests 
conducted in this investigation there was a distance of approximately 
three feet below the bottom of the water permeance test chamber and 
flashing which collected leaking water (Fig. 14). The chamber Has 
located here in order that the water permeance tests Hould be performed 
in the region of highest stress caused by lateral load. The large vol-
ume of masonry in the three foot height absorbed \vater that would ordi-
narily be caught in the flashing in a standard E514 test. In order to 
overcome this drawback, the water permeance test was performed using a 
closed-loop water supply. That is, the water permeance test began Hith 
a certain volume of water. At the end of the 3 hour test period, the 
amount of water remaining in the closed-loop system Has subtracted from 
the original amount. The difference represented the amount of water 
Hhich passed through the wall and was collected on the flashing as Hell 
as the amount of water absorbed by the brick. Fig. 15 shaHs the test 
set-up on one of the Halls. Before the Halls were subjected to lateral 
loads, they were subjected to a 24 hour preconditioning period as 













Figure 14. Dra1ving I llus tra ting the Apparatus to Perform the Hodified 
E514 Water Permeance Tests 
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Figure 15. Water Permeance Test-set Up on One of the Walls 
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Instrumentation 
In the lateral load testing, both the brick veneer and the metal 
stud backup were instrumented · . ;ith dial gages to measure lateral deflec-
tion. Ten dial gages were used on the brick veneer in order to obtain 
the deflection profile of the brick •..;all before and after the formation 
of a crack. Ten dial gages were used on the gypsum board and stud 
assembly for lateral deflection measurement (Fig. 11). 
In order to have access to the back of the brick ,.;all for the 
installation of the dial gages, holes were drilled through the dry,.; all 
(Fig. 15). The locations of the dial gages are shown in Fig. 17. The 
dial gages were attached to each wall as shown in Table I. 












a See Fig. 17 for schematic drawing of dial gage locations. 
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Test Procedure for Wall Panels 
Six full-scale wall panels were constructed and tested for lateral 
load resistance and resistance to water permeance. Three of the wall 
panels (Wall Nos. 1, 2, and 3), were tested for positive wind pressure, 
and the other three (Wall Nos. 4, 5, and 6), for negative (vacuum) wind 
pressure. All six panels were first preconditioned and tested for water 
permeance using a modified version of ASTM E514- 79 (10). Next each 
wall was loaded incrementally to a lateral positive (or negative) air 
pressure equal to the intensity for which it was designed. The load was 
removed and the wall retested for water permeance. The wall was loaded 
incrementally to a lateral positive (or negative) air pressure of twice 
the intensity for which it was designed. The load was removed and the 
wall retested for water permeance. Finally, each wall was loaded incre-
mentally to three times the design wind pressure. 
The tests on each wall lasted 5 days. When the walls had been cured 
for at least 28 days, the tests were carried out as follows: The dial 
gages were installed in place, and the tests started by subjecting the 
wall to a 24 hour preconditioning for water permeance. At the end of 
the 24 hour period, the preconditioning was discontinued and the wall 
was allowed to dry-out for another 24 hours. This was the second day of 
test. 
On the morning of the third day, the wall was subjected to a 3 hour 
water permeance test. At the end of the three hours, the \~ater permeance 
chamber was removed from the wall. The lateral load pressure chamber 
was positioned so that the rubber tube in the chamber (Fig. 12) con-
tacted the sides, top and bottom of the brick wall providing a seal 
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Figure 16 . Close View of Dia l Gages Attache d to the Brickwall 
35 
D II rywa 
Brickwall 











0 + 8 g" 
2 ~ I 
s" 
~ 
\_ Bottom Angle 
Figure 17. Dial Gage Locations 
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against air leakage around the wall 1 s perimeter. The chamber was 
clamped to the concrete frame through a pair of 4 X 4 timbers (Fig. 11). 
At this point, the initial dial gage readings were taken. The tube was 
inflated to about 9 psi and the dial gages read again. The air pressure 
was applied to the wall in small increments until the design load was 
reached, the dial gages being read at each load increment. When the 
design load was achieved, the pressure was reduced incrementally, the 
dial gages being read at each load decrement. When the air pressure was 
brought to zero, the tube was deflated and the last dial gage readings 
were taken. The pressure chamber \.fas then removed and the wall \.fas pre-
pared for another water permeance test. 
On the fourth day of test, the wall was again subjected to a 3 hour 
water permeance test. The pressure chamber was clamped to the concrete 
frame. Initial dial gage readings \.fere taken. The tube \.fas inflated to 9 
psi and another set of dial gage readings taken. The wall was loaded 
incrementally to twice the design load, dial gage readings being taken 
at each load increment. The pressure was reduced to zero incrementally, 
the dial gages being read at each load decrement. The tube was deflated 
and the last dial gage readings taken. The pressure chamber was 
unclamped and wheeled off and the wall prepared for the last water per-
meance test. 
On the fifth day of test, the wall was again subjected to a 3 hour 
water permeance test. At the end of this period, the pressure chamber 
was reinstalled, dial gage readings were taken as before, and the wall 
was loaded incrementally to three times the design load. The pressure 
was then reduced to zero in equal increments. Dial gages were read at 
each load decre~ent. 
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This concluded the tests on the wall. The procedure was the same 
for both positive and negative pressures. The pressure on the wall was 
read on a water manometer attached to the back of the pressure chamber. 
The time required for each load increment was about ten minutes. 
In Fig. 13, Wall No. 6 is shown ready to be tested for lateral load. 
CHAPTER III 
TEST RESULTS 
Tie Test Results 
The results of the tie tests are shown in Appendix A. The test 
results for each tie, obtained from both the transducer and the dial 
gages, show that the ties travel through approximately the same path 
after the first cycle of loading. Therefore hysteretic behavior of the 
ties is approximately the same after the application of the first cycle 
of loading. For this reason, only the fifth cycle of load at each load 
level is given. 
Corrugated Tie, Gage 22 With a= 1.75 in 
Fig. A-1 shows the hysteresis loop for a 22 ga corrugated tie, for 
a load level of 50 lbs. The area of the hysteresis loop is large. The 
slope to the hysteresis loop at any point is small therefore the tie is 
very flexible. The tie's behavior becomes non-linear for large loads 
(over 50 lbs.). The tie is so flexible that it collapsed when a load of 
150 lbs. was applied in compression. 
Corrugated Tie, Gage 20 With a= 5/8 ln 
Figs. A-2, A-3 and A-4 show the hysteresis loops for 20 ga corru-
gated ties for load levels 50 lbs., 100 lbs., and 150 lbs., respec-
tively. The areas of the hysteresis loops increase as the load level 
increases. The loops tend to flatten out about the zero load point as 
the load increases. At any given load level the slope at any given load 
is less as the load increases. This behavior indicates the loss of 
stiffness in the tie as the load increases. 
Corrugated Tie, Gage 18 With a = 5/8 in 
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Figs. A-5, A-6 and A-7, show the hysteresis loops for an 18 ga cor-
rugated tie with a= 5/8 in., for load levels 50 lbs., 100 lbs., and 150 
lbs., respectively. The areas of the hysteresis loops increase as the 
load level increases. The area of the hysteresis loop for load level 
150 lbs., is much larger than for lower maximum load levels. 
Corrugated Tie, Gage 18 With a = 2 in 
Figs. A-8, A-9, and A-10, show the hysteresis loops for an 18 ga 
corrugated tie with a= 2 in., for load levels 50 lbs., 100 lbs., and 
150 lbs., respectively. The area of the hysteresis loops increased 
greatly by comparison to the same tie with a = 5/8 in. and the tie is 
much more flexible. As the load level increased, the loading and unload-
ing portions of the loops became steeper. 
Fig. A-10 shows that the hysteresis loop became steeper as the 
applied load was increased. This implies that the tie became stiffer 
with increased load. 0\ving to the large value of "a", in tension the 
tie resisted the applied load initially by bending about the point at 
which it is screwed to the steel plate. The tie is eventually pulled up 
into a smooth curve as the load increased. At this point the tie 
resists the load axially and hence the hysteresis loop becomes steeper 
than before indicating an increase in stiffness. In compression, the 
tie is pushed back until it comes in contact with the gypsum board. 
When the tie is fully in contact with the gypsum board, it again resists 
the load axially and the hysteresis loop becomes steeper. 
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Corrugated Tie, Gage 16 With a= 5/8 in 
Figs. A-11, A-12, and A-13, show the hysteresis loops for a 16 gage 
corrugated tie, for load levels 50 lbs., 100 lbs., and 150 lbs., respec-
tively. The area of the loops are small, the slope at any point on the 
loops is steep and therefore the tie is very stiff. 
DW 10, Tie Gage 14 
Two different diameter wires (links) were used in testing this DW 
10 tie. The diameters of the wires used were 0.188 and 0.172 in., 
respectively. For the tie with wire diameter of 0.172 in, the tie back-
ing was also thinner than 14 gage. 
Figs. A-14, A-15, and A-16, show the hysteresis loops for a 14 ga 
DW 10 tie with wire diameter equal to 0.188 in. and Figs. A-17, A-18, 
and A-19, show the hysteresis loops for a 14 ga DW 10 tie with wire 
diameter equal to 0.172 in., for load levels 50 lbs., 100 lbs., and 150 
lbs., respectively. The loops and their areas are small. At the 100 lb. 
load level, there is a permanent deformation of the tie backing. Conse-
quently, in going through a cycle of loading, there are two times when 
the wire moves through the gap created by this permanent set. The wire 
goes through this gap at zero load. This phenomenon is seen in Figs. 
A-18 and A-19, at zero load. This behavior of the DW 10 ties was promi-
nent in ties with thinner wire diameter and backing. Although desig-
nated 14 ga DW 10, it was observed that some of these ties varied in 
backing thickness and ~;ire diameter. The standard dimensions for this 
tie are a backing of gage 14 and a wire diameter of 3/16 in. The ties 
with these dimensions displayed very little of this phenomenon, (Figs. 
A-14, A-15 and A-16). 
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OW 10 Tie, Gage 12 
Figs. A-20, A-21 and A-22, show the hysteresis loops for a 12 ga OW 
10 tie, for load levels 50 lbs., 100 lbs., and 150 lbs., respectively. 
The loops and their areas are small and the tie is stiff. No permanent 
set was observed at the load levels used. 
Quality Control Test Results 
The quality control test results for Brick, Mortar and Prisms are 
shown in Appendix B. Included in this section are tension (splitting) 
test results on mortar cubes and cylinders. These tests were performed 
by splitting the cubes along a diagonal and the cylinders along a diame-
ter as described by Davis, et al. ( 11). 
Also included in this section is the flexural test result on a 
piece of brick prism 32 in. by 8 in. that was sawed from Wall No. 1 dur-
ing the demolition process. The prism was simply supported at the ends 
30.1 in. apart and loaded at two points 8.425 in. from the supports. 
Fig. 18 shows the plot for the test. The modulus of rupture was found 




The formula used for calculating the modulus of elasticity is given 
a = distance from the supports to the point of application of 
the loads, 
I = moment of inertia of an 8 in by 3.5 in. prism section, 
L = length of prism, 
P/2 = load applied at "a 11 from each support, 
~ = mid-point deflection. 
Solving the equation for modulus of elasticity yields 
E = (P/~)a(3L2 - 4a 2 )/(48I). 
m 
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Substituting a= 8.425 in, L = 30.1 in, P/~ = 114/.0019 and I= 28.53 in 
and evaluating the equation for E yields 875,000 psi. Subsequent tests 
m 
of similar prisms cut from Walls 1, 2 and 3 have been performed result-
ing in measured values of E of 3,890,000 psi, 1,680,000 psi and 
m 
2,990,000 psi. 
Brick, Brick Prisms and Mortar 
The compressive strength and absorption properties of the bricks 
used in this investigation are shown in Table B-I. Table B-II contains 
the ultimate loads and stresses in compression and bending of stack bond 
brick prisms made from mortar used for Wall Nos. 1, 2 and 3. Tables 
B-III and B-IV show the maximum stresses of mortar cubes and cylinders 
for Wall Nos. 1, 2 and 3. Table B-V shows the mortar flow and air con-
tent for Wall Nos. 1, 2 and 3. Table B-VI shows the ultimate stresses 
in compression and bending of stack bond brick prisms for Wall Nos. 4, 5 
and 6. Tables B-VII and B-VIII show the maxlmum stresses of mortar 
cubes and cylinders for Wall Nos. 4, 5 and 6. Table B-IX shows the mar-
tar flow and air content for Wall Nos. 4, 5 and 6. Tables B-X and B-XI 
show the ultimate stresses for joint failure using the Bond Wrench (5) 
and ASTM E518 methods for wall prisms made from motars used for Wall 
Nos. 1, 2 and 3 and Wall Nos. 4, 5 and 6, respectively. Table B-XII 
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Figure 18. Flexural Test Result on Brick Prism Saved From Wall No. 1 
brick prisms flexural test results using both the Bond Wrench and the 
ASTM E518 methods. 
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From Tables B-II and 8-VI, the average moduli of rupture for prisms 
made from the mortar batches for Wall Nos. 1, 2, and 3, and Wall Nos. 
4, 5, and 6, are 89 psi and 147 psi, respectively, by the ASTM E518 
method and 107 psi and 169 psi, respectively, by the Bond Wrench method. 
Also the average prism compressive strength for Wall Nos. 1, 2 and 3 is 
4035 psi, Table 8-II, and for Wall Nos. 4, 5, and 6 is 5170 psi, Table 
8-VI. The average mortar cube strength for Wall Nos. 1, 2 and 3 (batch 
no. 6) is 3016 psi (Table 8-III) and for batch no. 8, 3167 psi (Table 
8-IV). The average mortar cube strength for Wall Nos. 4, 5 and 6 (batch 
no. 3) lS 1757 psi (Table 8-VII) and for batch no. 7, 2230 psi (Table 
8-VIII). The mortar used for Wall Nos. 4, 5 and 6 had lower compressive 
strength which implies that it may have contained a larger water con-
tent. This may have led to high bond strength in spite of reduced com-
pressive strength. The superior performance of Wall Nos. 4, 5, and 6 
during the lateral loading tests may be attributable, in part, to supe-
rior flexural bond strength. 
Water Permeance Tests 
The water permeance test results for the six walls are given in 
Table II. For Wall No. 1, streaks of water were visible at the back of 
the brick wall throughout the three days of tests. On the third day of 
the water permeance test, the weep holes were wet after about 2 1/2 
hours of the test; however no water was collected at the flashing. 
On Wall No. 2, water was initially visible on the flashing after 
about 1 1/2 hours on the first day of test. The volume of water col-
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lected from the flashing on the first day of the water permeance test 
was 280 ml. On the second and third days of water permeance tests, 570 
ml and 16 ml volume of water was collected, respectively. Streaks of 
water were visible at the back of the brick wall throughout the three 
days of tests. Water was observed to drip across mortar droppings to the 
gypsum sheathing at some points. Some of the metal ties were observed to 
be moist from these movements of water between the brick veneer and the 
exterior sheathing across the mortar droppings. On the second day of 
water permeance testing on Wall No. 2, there was profuse leakage of 
water around the periphery of the water permeance chamber which proved 
difficult to stop. 
On Wall No. 3, streaks of water were observed at the back of the 
brick wall throughout the three days of the water permeance test; how-
ever, no water was collected at the flashing. 
The back of the brick wall of Wall No. 4, was dry throughout the 
first day of the water permeance test. On the second and third days of 
tests, streaks of water were observed at the back of the wall after 60 
min. and 40 min., respectively. No water was collected at the flashing. 
On Wall No. 5, there was much flow of water through the weep holes 
throughout the three days of water permeance tests. On the first, second 
and third days of the tests, 660 ml, 148 ml and 1230 ml volume of water 
were collected at the flashing, respectively. The back of the brick wall 
was wet throughout the periods of the water permeance tests. There was 
profuse leakage of water from a tooled joint on the periphery of the 
water permeance chamber throughout the third day of the water permeance 
test. 
On Wall No. 6, the back of the brick wall was dry throughout the 
three days of water permeance tests. No water was collected at the 
flashing. 
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In general, it was difficult to provide a watertight seal around 
the periphery of the water permeance chamber because of the tooled 
joints. Also there l¥ere occassional minor leaks around the chamber 
which were sealed as quickly as possible. It was found that once the 
brick wall was wet it was difficult to get the caulking compound used to 
adhere to it. This made the sealing of leaks difficult. 
A water absorption test on a portion of Wall No. 1 showed that in 3 
hours, a fully submerged prism absorbed 3% of its weight of water. In 
24 hours, the absorption was 4.6% of its weight. Since the wall weighed 
42 psf and the water permeance chamber had an area of 12 ft 2 , a weight 
of 14.12 lb of water is required to fully saturate the masonry behind 
the chamber. In no case did such large quantity of water penetrate the 
wall. 
The weights of water absorbed by the brick walls when the walls 
were subjected to a 3 hour water permeance test are shown in Table II. 
Results of Lateral Load Tests 
Appendix C shows the deflection plots of the six walls subjected 
to the lateral load tests at the design load, two times the design load, 
and three times the design load, respectively. Wall Nos. 1, 2 and 3, 
were subjected to positive pressure and Wall Nos. 4, 5 and 6, to nega-
tive pressure. The design load for these walls was 24.16 psf. 
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Table II. Weight of Water Absorbed by the Brickwall When Subjected to a 
3 Hour Water Permeance Test 
WALL BEFORE LOADING AFTER DESIGN LOAD AFTER 2 X DESIGN LOAD 
NO. LB/3 HR LITERS/HR LB/3 HR LITERS/HR LB/3 HR LITERS/HR 
1 2.75 0.416 3.50 0.530 4.50 0.681 
2 5.00 0.757 8.70 a 1.317a 4.25 0.643 
3 2.25 0.341 2.25 0.341 1. 50 0.227 
4 1. 00 0.151 1. 75 0.265 2.00 0.303 
5 4.00 0.605 4.50 0.681 6.50 a 0.981a 
6 1. 00 0.151 1.00 0.151 1. 00 0.151 
a Leaks Occurred During Test 
Wall No. 1 
Figs. C-1, C-2 and C-3 show the deflection plots for the brick wall 
under positive pressure for load levels design load, twice design load, 
and three times design load, respectively. Figs. C-1 and C-2, show that 
the wall behaved elastically. In Fig. C-3, the wall is seen to crack at 
between 10 and 11 inches of water (52-57 psf). The top of the brick 
wall remained in the same position just before the crack developed even 
when more load was applied after it cracked. The compressible filler 
material may have restricted the tendency of the top of the brick wall 
to move backwards after the crack. 
Figs. C-4, C-5, and C-6 show the deflection plots for the drywall 
under positive pressure for load levels design load, twice design load, 
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and three times design load, respectively. The increase in the deflec-
tion of the drywall is proportional to the applied load. Fig. C-6, 
shows that the drywall's deflection became much larger after the brick 
wall cracked. This indicated that the stud wall resisted substantially 
more load after the brick wall cracked. 
Fig. C-7 shows the residual deflections of the brick wall, for the 
three levels of loading and Fig. C-8, the residual deflections of the 
drywall after unloading, for the three levels of loading. 
It should be noted that the dial gage readings before each test 
were taken as the zero readings. Therefore the absolute residual deflec-
tion at any point in the brick wall, after three times design load has 
been applied to the wall, is equal to the sum of the residual deflec-
tions shown in Fig. C-7. Furthermore the maximum absolute deflection of 
Wall No. 1, for example, is equal to the sum of the maximum deflection 
from Fig. C-3 (0.370 in.) plus the residual deflection at that level 
from the two previous loadings from Fig. C-7 (0.025 + 0.080). Thus, the 
maximum absolute deflection is 0.475 in. 
Wall No. 2 
Figs. C-9, C-10, and C-11 show the deflection plots for the brick 
wall under positive pressure for load levels design load, twice design 
load and three times design load, respectively. Fig. C-9 shows that the 
brick wall deflection was proportional to the applied load. In Fig. 
C-10 the wall is seen to crack at between 5 and 6 inches of water (26-31 
psf). Wall No. 2 was the only wall to experience cracking at a load 
less than twice design load. 
Figs. C-12, C-13, and C-14 show the deflection plots for the dry-
wall under positive pressure for load levels design load, twice design 
load, and three times design load, respectively. The increase in the 
deflection of the drywall is proportional to the applied load. Figs. 
C-13 and C-14 show that the drywall's deflection became much larger 
after the brick wall cracked 
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Fig. C-15 shows the residual deflections of the brick wall, for the 
three levels of loading and Fig. C-16, the residual deflections of the 
drywall after unloading, for the three levels of loading. 
\-Iall No. 3 
Figs. C-17, C-18, and C-19 show the deflection plots for the brick 
wall under positive pressure for load levels design load, twice design 
load, and three times design load, respectively. Fig. C-19 shows the 
wall cracked at betAeen 10 and 11 inches of water (52-57 psf). The 
deflections are much larger after the crack. 
Figs. C-20, C-21, and C-22 show the deflection plots for the dry-
\vall under positive pressure for load levels design load, tHice design 
load, and three times design load, respectively. The increase in the 
deflection of the dry\.;all is proportional to the applied load. Fig. 
C-22 shows that the drywall's deflection became much larger after the 
brick Hall cracked Fig. C-23 shaHs the residual deflections of the brick 
wall, for the three levels of loading and Fig. C-24, the residual 
deflections of the drywall after unloading, for the three levels of 
loading. 
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Wall No. 4 
Figs. C-25, C-26, and C-27 show the deflection plots for the brick 
wall under negative pressure for load levels design load, t\·lice design 
load, and three times design load, respectively. Figs. C-25 and C-26 
show that the brick wall's deflection is a combination of elastic 
deflection and a rigid body rotation about the base of the wall. Fig. 
C-27 shows that the deflection of the wall was a combination of rigid 
body rotation about the base of the wall and bending. It is apparent 
from Fig. C-27 that the wall did not crack at a load of 73 psf. 
Figs. C-28, C-29 and C-30 show the deflection plots for the drywall 
under negative pressure for load levels design load, twice design load, 
and three times design load, respectively. The increase in the deflec-
tion of the drywall is proportional to the applied load. 
Fig. C-31 shows the residual deflections of the brick wall, for the 
three levels of loading and Fig. C-32, the residual deflections of the 
drywall after unloading, for the three levels of loading. 
Wall No. 5 
Figs. C-33, C-34 and C-35 show the deflection plots for the brick 
wall under negative pressure for load levels design load, twice design 
load, and three times design load, respectively. Figs. C-33 and C-34 
show that the brick wall's deflection is a combination of elastic 
deflection and a rigid body rotation about the base of the wall. There 
is much movement at the top of the wall. Fig. C-35 shows that the brick 
wall cracked at between 11 and 12 in. of water (57-62 psf). After the 
crack, the lateral movement of the top of the \vall \.Jas reduced consider-
ably compared to that of Wall No. 4. However, there was much lateral 
movement near the crack zone. 
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Figs. C-36, C-37 and C-38 show the deflection plots for the drywall 
under negative pressure for load levels design load, twice design load, 
and three times design load, respectively. The increase in the deflec-
tion of the drywall is proportional to the applied load. Fig. C-38 
shows that the dryv1all's deflection became much larger after the brick 
wall cracked 
Fig. C-39 shows the residual deflections of the brick wall, for the 
three levels of loading and Fig. C-40, the residual deflections of the 
drywall after unloading, for the three levels of loading. 
This is the only wall that cracked under negative pressure. 
Wall No. 6 
Figs. C-41, C-42, and C-43 show the deflection plots for the brick 
wall under negative pressure for load levels design load, twice design 
load, and ~hree times design load, respectively. Figs. C-41 and C-42 
show that the brick wall's deflection is a combination of elastic 
deflection and a rigid body rotation about the base of the wall. All the 
figures show that there was a lot of movement at the top of the brick 
wall. Fig. C-43 shows that the deflection of the wall was a combination 
of rigid body rotation about the base of the wall and little bending. 
The wall did not crack at 3 times design load. 
Figs. C-44, C-45 and C-46 show the deflection plots for the drywall 
under negative pressure for load levels design load, twice design load, 
and three times design load, respectively. The overall deflections of 
the drywall were very large, especially at three times design load. 
Fig. C-47 shows the residual deflections of the brick wall, for the 
three levels of loading and Fig. C-48, the residual deflections of the 
drywall after unloading, for the three load levels. 
Summary of Lateral Load Tests 
The maximum deflections of the walls are shown in Tables III and 
IV. 



















































The values of the deflections shown in Tables III and IV differ for 
all the walls largely due to the indeterminate restraining force at the 
top of the brick veneer caused by the compressible filler material. 
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In all the walls that cracked during the lateral load tests, the 
top of the brick wall was observed to stay in the same position after 
the brick wall cracked. In the analytical model in which the top of the 
brick wall was free, the top of the brick wall moved backwards in the 
opposite direction to its movement after a crack was introduced (Fig. 
41). Therefore the top of the brick wall moves in while the point of 
the crack moves out. In the walls tested, the friction between the top 
of the brick wall and the compressible filler material may have been 
sufficient to prevent this inward movement causing the top of the wall 
to remain nearly stationary after the crack developed. In all the fig-
ures in Appendix C, the brick veneer deflected more than the metal stud 
backup at every point at all load levels. The summary of the test 
results is given in Table V. 
Positive Versus Negative Load Test Results 
The test results of Wall Nos. 1, 2 and 3 (Figs C-1 to C-24) and 
Wall Nos. 4, 5 and 6 (Figs. C-25 to C-48) show that Wall Nos. 4, 5 and 6 
subjected to negative loads exhibited superior performance during the 
tests. This superior performance of these walls may be attributed to 
rhe following reasons: 
1. Wall Nos. 4, 5 and 6 had superior flexural strength. 
2. In the negative load tests the tooled mortar joints were in ten-
sion whereas in the positive load tests the untooled joints were in ten-
sion. The tooled mortar joints are stronger in tension than the 
untooled mortar joints. 
3. In the positive load tests, the interior face of the brick 
veneer is in tension, causing it to elongate . Since the veneer is 
restrained by the shelf angle at the bottom and the neoprene at the top, 
this elongation causes a binding effect at the neoprene at the top. 
Thus, for positive loads, slightly greater lateral restraint is provided 
by the neoprene at the top of the brick wall than would be expected for 
suction loads. For suction loads, the outer face of the veneer is in 
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tension. Since the outer face is not in contact with the shelf angle at 
the bottom or the neoprene at the top, the elongation of the outer 
fibers does not result in lateral restraint of the wall. This phenome-
non may explain the difference in behavior of the walls under positive 
and negative loads. 
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0.280 0.360a 52.0-57.0 
0.380 0.475a 26.0-31.0 
0.240 0.320a 52.0-57.0 
0.310 0.520b no crack at 73.0 
0.500 0. 700.a 57.0-62.0 
0.400 0.860b no crack at 73.0 
maxlmum deflection occurred at crack 
maximum deflection occurred at the top of the 
brick wall. These walls did not crack. 
cracking occurred within the range of load 
shmm. 
CHAPTER IV 
DEVELOPMENT OF HATHEHATICAL MODELS 
Mathematical models were developed for the DW 10 ga 14 tie and the 
wall system. In the model for the tie, the axial stiffnesses of the tie 
in tension and compression were obtained. For the wall system, a mathe-
matical model was used in which the brick veneer and the studs were 
treated as parallel beams connected at regular intervals with ties. A 
section of the wall 2 feet wide with a single steel stud at the center 
was used in this analysis. The ties were represented as linear springs 
with the appropriate tie stiffnesses. The analytical computer model 
developed is capable of accommodating different boundary conditions of 
both the brick veneer and steel stud. Size and spacing of stud, wall 
thickness, tie stiffness, and tie spacing were systematically varied in 
a parametric. study. The models are presented below. 
Mathematical Model for the Tie Used in the Tests 
Tie Stiffness Hathematical Hodel for DW 10 Gage 14 Tie, 
with Wire Diameter = 0.188 in. 
From the load versus displacement plots, mathematical models of 
axial tie stiffness can be developed. The load versus displacement 
plots of DW 10 gage 14 ties for the three load levels are shown in Figs. 
A-14, A-15, and A-16. The loading portions of these plots are shown in 
Fig. 19. The Figure shows the compression load versus displacement 
plots for the three load levels SO lbs., 100 lbs., and 150 lbs., respec-
tively and also shows the tension load versus displacement plots for the 
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Figure 19. Load Versus Displacement Plot for DW 10 Gage 14 Tie with 
Wire Diameter = 0.188 in. 
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From these plots, the behavior of the tie is seen to be different 
in tension and compression. In compression, the tie's behavior remains 
relatively the same from about 30 lbs. upwards (Fig. 19), for all three 
levels of loading. Between 0 and 30 lbs., the plots for the 50 lbs. and 
100 lbs. load levels are close. But between 100 lbs. and 150 lbs. load 
levels, the difference is very large. Between 50 lbs and 100 lbs., the 
tie seems to behave linearly. However, between 100 lbs. and 150 lbs., 
the tie backing is permanently deformed in tension so that in subsequent 
cycles, the tie wire (link) goes through free displacement. The free 
displacement is responsible for the shape of the plot at 150 lbs. This 
shape will alter considerably until the tie fails. 
In developing a mathematical model for the DW 10 gage 14 tie, it is 
assumed that the tie behaves linearly. In compression, a line (dotted) 
. as shown in Fig. 19, is used to model the load versus displacement plot. 
The slope of the dotted line which is the tie stiffness is therefore 
equal to: 
m = 130/.022 = 5900 lb./in. 
From Fig. 19, it is seen that the tie load versus displacement 
plots for the 50 lbs., 100 lbs., and 150 lbs., load levels are approxi-
mately parallel, when acting in tension. Assuming that the tie behaves 
linearly between 0 and 100 lbs., the tie stiffness in tension which is 
the slope of the dotted line, is equal to: 
m = 95/.044 = 2160 lb./in. 
This is then the stiffness of the tie in tension. 
Tie Stiffness Mathematical Model for OW 10 Gage 14 Tie, 
with Wire Diameter= 0.172 in. 
To determine the tie stiffness for this tie, the loading portions 
of the hysteresis loops as shown in Fig. 20 were used. 
The stiffness of the tie was determined in compression and ten-
sian. In compression, the stiffness was computed for zero to 12.0 lbs 
and for 12.0 lbs. upwards. In tension, the average of the stiffnesses 
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for the three levels of loading was taken as the stiffness of the tie in 
tension. 
Compression 
From 0 to 12 lbs, the tie stiffness was taken as the slope of the 
dotted line in this range as shown in Fig. 20, 
m = 4 0 0 lb s I in . . 
From 12 lbs. up, the tie stiffness was taken as the slope of the dotted 
line in this range. And 
m = 142/.019 = 7440 lb/in .. 
Tension 
The slopes of the tension portion of Fig. 20 for the three levels 
of loading, m1 , m2 and m3 , were as follows. 
m1 = 85/.07 = 1200 lb/in. at 50 lb, 
m2 = 55/.047 = 1400 lb/in. at 100 lb, 

















































Figure 20. Load Versus Displacement Plot for DH 10 Gage 14 Tie \vith 
Wire Diameter = 0.172 in. 
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The mean value was 
m = 1500 lb/in. 
This mean value of "m" r.vas taken as the stiffness for this tie in ten-
sian. 
Note that in tension, the tie stiffness increased as the load 
increased. This was probably due to the fact that as the load 
increased, the tie backing was pulled up along with the tie wire which 
produced membrane forces in the tie backing. 
Mathematical Model for Wall System 
A mathematical model was developed to determine the interaction of 
the brick veneer wall and the metal stud backup, interconnected by metal 
ties. The metal ties were represented by lirear springs in the model. 
The model used in the analysis is shown in Fig. 21. The first tie was 
attached to the bottom concrete spandrel beam. r 1 , the moment of iner-
tia of the brick wall, was based on a 24 in width and 3.5 in. thickness. 
r 2 , the strong axis moment of inertia of the stud, was taken from the 
tables (12) for a 3 5/8 in. wide, 20 ga thick, channel stud. 
The analysis of the wall system interconnected by discrete springs 
was done using the displacement method. Variables considered were the 
stiffness of interior springs (K), relative stiffness of the brick 
veneer wall to that of the metal stud backup, (EI) 1 /(EI) 2 , and the rela-
tive stiffness of interior springs to end springs (K/K ). The veneer 
e 
brick wall was taken as pinned at the bottom. There was a compressible 
filler between the bottom of the top shelf angle and the top of the 
brick wall (Fig. 8, Detail A). In order to model the effect of this 
filler on the movement of the top of the \vall, a linear spring that can 
L 
Drywall 
Tie attached to 
bottom spandrel beam 




force at compressible 
filler. 
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be given different stiffnesses was located at the top of the wall, (Fig. 
21). The metal stud backup was represented as pinned at top and bottom. 
Displacement at the upper end of the brick wall was permitted with non-
zero values of K/K . 
e 
The formulation of the problem involved writing the deflection 
equations for the brick veneer wall at interior spring location, i, due 
to spring forces i,j,k, ..... n, to the uniformly distributed lateral load 
and to end support settlement. The same was done for location, i, in the 
metal stud backup. The difference in the deflection between the brick 
veneer wall and the inner metal stud backup at location i, was related 
to the spring force P. by the spring stiffness constant, K. Such equa-
l 
tions were written for each interior spring. When i = 1, ~ = 0.0, 
a 
since this tie is attached to the bottom spandrel beam and not to the 
stud. These equations were then solved for the spring forces. For this 
case, there is produced a set of seven equations. 
The formulation of the equations with seven interior springs was as 
follovJS: 
\.Jhere 
~. = lateral deflection of either the veneer brick wall or 
l 
( 1) 
the metal stud backup at location of interior spring i. 
Numbered subscripts are for the brick veneer wall, and 
lettered notation for the metal stud backup. 
~~. = deflection of brick veneer due to the lateral load 
~ 
without interior springs or end settlement. 
o .. =deflection of beam at i due to a unit load applied to the 
~J 
same beam at j. 
P. = interior spring force (compression positive) 
~ 
P = exterior spring force 
e 
63 
The deflection of the exterior spring is related to P by the end 
e 
spring stiffness constant K . The force P in the end spring is related 
e e 
to the interior spring forces by equilibrium resulting in the equation: 
(2) 
where q is the uniform wind load on the veneer brick wall and 
P0 = reaction at the base of the brick wall, 
L = height of wall. 
Deflection equations similar to Eq. 1 and Eq. 2 were written for 
the seven interior springs resulting in the following matrix: 
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IJ. I - IJ. I + qL/K = ( 6 4 d e 41 
(6 52 - 6 b + (1/K )(L 2 /L))P2 + (6 5 ~ -6 + (1/K )(L~/L))P~ + e e ~ ec e ~ ~ 
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Values of~'. were input and the matrix solved for P .. The sum of 
~ ~ 
the spring forces represent the load transferred to the backup \vall. 
The results of the mathematical model are used for comparison to data 
and for predicting the effects of variation of other parameters in sub-
sequent sections. 
CHAPTER V 
ANALYSIS OF TEST RESULTS 
Tie Tests 
The metal ties used in brick veneer with metal stud back up wall 
systems are designed to transmit load from the brick wall to the stud 
wall. The brick walls cannot carry high tensile stresses without devel-
oping cracks and the ties should be such that load can readily and ade-
quately be transferred through them to the back up wall without exces-
sive deflection of the brick wall. The tie therefore should be stiff; 
should be easily installed; should not be expensive; and should be non-
corrosive. Ties generally can fail in the following ways: 1). the ties 
pulling out of the mortar, 2). the ties pulling out the screws and 3). 
the ties failing in tension, in compression or in bending. 
Hysteresis 
The term hysteresis is used to denote lost energy in a system. 
Applied to materials, it indicates the amount of strain energy per unit 
volume which is lost in a cycle of loading and unloading. The energy per 
unit volume may be determined from the stress-strain diagram as an area; 
the area between the loading and unloading stress-strain curves repre-
sents the hysteresis (13). The energy absorbed in a cycle of loading 
and unloading may be expended in many ways. It may be dissipated in the 
form of heat (excessive heating of the material may result in the dete-
rioration of its mechanical properties), or may be utilized in producing 
permanent relative displacement of the particles of the materials, 
resulting in permanent set, or it may serve to alter the properties of 
the material. 
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Also the hysteresis may be used to determine the damping character-
istics of materials. Damping in a vibrating system may be divided into 
external damping and internal damping (14). External damping is due to 
the loss of energy associated with the slippage of structural connec-
tions either between members or between the structure and the supports. 
Internal damping is associated with the response of the material itself 
to cyclic forces. The damping capacity of a material or internal damping 
may be defined as energy absorbed during a cycle of vibration. There-
fore, it can be said that the damping capacities of the corrugated ties 
are more than those of the DW 10 ties. 
Corrugated Ties 
The loading and unloading portio~s of the hysteresis loops of the 
ties are far apart. This implies that the slopes of the hysteresis 
loops differ for loading and unloading portions, and therefore the ties 
behave inelastically. The stiffness of corrugated ties depends consid-
erably on the distance from the point at which the screw is attached to 
the studs to the point at which the tie is bent up. The corrugated ties 
are 7/8 in. wide. 
For the corrugated tie, gage 18, comparing the hysteresis loops for 
loads at which a= 2 in. and a= 5/8 in. (compare Figs. A-5, A-6 and A-7 
and A-8, A-9 and A-10), it is seen that the tie is less stiff when the 
bent up portion is far away from the point at which the tie is screwed 
to the stud. For example, at the 50 lbs. load level, the average tie 
stiffness for the corrugated gage 18 tie is 5880 lbs./in. when a = 5/8 
in. compared to the value 130 lbs./in when a = 2 in. Corrugated ties 
therefore, become less stiff as "a 11 gets large. 
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The corrugated ties vary in their characteristics depending on the 
gage of the steel used in making the tie. The lighter gage ties are so 
flexible that they bend and stretch excessively even at low load levels. 
In compression, these ties transfer load by bearing on the stud wall at 
the bend. The lighter gage ties, because they cannot withstand even 
small loads, tend to flatten out and the brick wall virtually moves in 
without restraint. In tension, the ties completely stretch out and the 
load is applied to the studs at the point at which the tie is screwed to 
the studs. Excessive stresses in the tie and the screw may build up at 
this point and the strength of the tie system may depend on the pull out 
strength of the screws. For light ties, there is the possibility of the 
ties being torn off at this point. 
OW 10 Ties 
The hysteresis loops for the OW 10 ties tested are narrow. This 
means that the loading and unloading portions are close and can be 
approximated by an average curve for mathematical models. That is, the 
same stiffness can be used for loading and unloading. The ties are 
elastic as they tend to return to their original shape after load has 
been removed. 
One characteristic observed in the behavior of the OW 10 gage 14 
tie lS that at high loads (100 lbs. and above) in tension, the backing 
of the tie is pulled up and is permanently deformed. In subsequent 
cycles during the loading and unloading, the wire portion of the tie 
goes through some distance without contacting the tie backup. This 
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behavior occurs at the zero load point as shown in Figs. A-18 and A-19. 
Fig. 22 shows the wire in the gap. This phenomenon has the effect of 
reducing the stiffness of the tie resulting in a reduced load transfer 
to the backup stud wall. This means that this phenomenon makes the 
metal stud backup system less effective. 
Comparison of Tie Stiffnesses 
The following notations are used in this section. The average 
stiffness values given here are over the tension and compression zones. 
That is, these stiffness values are based on the slopes of the lines 
connecting the highest and lowest points on the hysteresis loops. 
K1 = Average tie stiffness at 50 lbs. load level, 
K2 =Average tie stiffness at 100 lbs. load level, 
K3 = Average tie stiffness at 150 lbs. load level, 
K = (K1 + K2 + K3 )/3. 
See Table VI for stiffnesses of the ties calculated as indicated above. 
It should be noted that for all the ties tested, except for the 18 ga 
corrugated tie with a= 2 in., K1 > K2 >K3 . For the 18 ga corrugated tie 
with a= 2 in., the reverse is the case. That is K1 < K2 < K3 . This is 
so because the tie actually carries the applied load, after the slack 
caused by the large value of 11 a 11 has been removed by the application of 
large loads. 
70 
Figure 22 . A DW 10 Gage 14 Tie Going Through the Gap 
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Table VI. Average Tie Stiffnesses ( lb/ in.) 
Tie Type ga a K1 K2 K3 K 
Corrugated 22 1. 75 400 400 
Corrugated 20 5/8 1390 740 570 900 
Corrugated 18 5/8 5880 3330 1200 3470 
Corrugated 18 2.0 130 170 220 170 
Corrugated 16 5/8 16670 14290 11540 14160 
DH 10 TPl 14 3850 2900 2130 2<?60 
DW 10 TP2 14 1490 1380 1260 1380 
DW 10 TP1 12 7143 6061 4615 5940 
------- TP1 Wire diameter = 0.188 in. 
-------- TP2 Wire Diameter= 0.172 in. 
The stiffest tie tested was the 16 ga corrugated tie, with K = 
14,160 lb/in. The 12 ga DW 10 tie with K = 5940 lb/in. was the tie with 
the second largest average stiffness. The 14 ga DW 10 tie had K = 2960 
lb/in. with wire diameter equal to 0.188 in. and K = 1380 lb/in with 
v1ire diameter equal to 0.172 in. The 18 ga corrugated tie had K = 3470 
lb/in with a = 5/8 in. and K = 170 lb/in with a = 2 in. The 20 ga cor-
rugated tie had K = 900 lb/in. with a = 5/8 in. and the 22 ga corrugated 
tie had K1 = 400 lb/in. with a= 1.75 in. 
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Water Permeance Tests 
The water permeance tests revealed some very interesting trends. 
Wall No. 2 and Wall No. 5, absorbed higher percentages of water during 
the tests than the other walls. The brick veneer in these walls cracked 
at loads that did not crack the veneer in the other walls. During the 
positive pressure test, Wall No. 2, cracked at between 5 and 6 ins. of 
water while Walls Nos. 1 and 3 cracked at between 10 and 11 ins. of 
water. In the negative pressure test, Wall No. 5, cracked at between 11 
and 12 ins of water while Wall Nos. 4 and 6, did not experience any 
crack. The water permeance tests therefore may somehow be related to 
which walls will develop early cracks. 
Mortar droppings invariably accumulated in the air-space between 
the brick veneer and the drywall, usually around the ties. During the 
water permeance test, water seeped through the brick veneer and along 
the mortar droppings. In some cases, droplets of water were observed on 
the surface of the gypsum sheathing. The ties and scre\vs became wet in 
some cases. 
In Wall Nos. 2 and 5, water was collected at the flashing. Most of 
the mortar droppings accumulated at the base of the wall where the weep 
holes were located. Mortar droppings that fill the weep holes during 
construction need to be thoroughly cleaned out to make them useful. 
Only Wall No. 2, was subjected to water permeance tests after a 
crack developed in the brick veneer. It cracked at about mid-height at 
be~ween 5 and S ins. of water on the fourth day of test, and was sub-
jected to the water permeance test on the fifth day of test. It was 
anticipated that after the crack, much water would be collected at the 
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flashing. But this was not the case (see Table II). The crack tended to 
close up after unloading, because of the weight of masonry above the 
crack. However, in actual wall construction the cracks in the brick 
wall generally may not close. 
Some practical problems were encountered while conducting the water 
permeance tests. The tooled joints made it difficult to obtain a water 
tight joint around the periphery of the water permeance chamber. Once a 
leak started, it was difficult to stop because the silicone caulking 
will not adhere to \vet surfaces. It was also difficult to quantify the 
amount of water lost from the leaks, since a portion of it spilled on 
the ground and was lost and the rest collected at the flashing. This 
meant that water collected at the flashing was more than the amount of 
water that flowed through the wall in some cases. For example on Wall 
No. 2, the amount of water collected at the flashing on the second day 
of water permeance testing, was much higher than the other two days of 
tests, because there were leaks that were difficult to stop (see Table 
II). In view of these difficulties, the water permeance test results 
for those specimens in which leaks in the seals were observed are to be 
regarded with caution. 
The results of the water permeance tests shown in Table II do not 
show any direct correlation between the amount of water passing through 
the brick wall and the magnitude of applied load. 
Lateral Load Tests 
Wall Nos. 1, 2 and 3, were subjected to positive pressure and Wall 
Nos. 4, 5 and 6, to negative pressure. In all three walls tested under 
positive pressure, the brick veneer cracked at about mid-height. Wall 
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Nos. 1 and 3, cracked at between 10 and 11 ins. of water (52-57 psf) on 
the fifth day of testing to three times design load. Wall No. 2, 
cracked at between 5 and 6 ins. of water (26-31 psf) on the fourth day 
of testing to t·,.;o times design load. Only Wall No. 5 developed cracks 
in the brick veneer during the negative pressure test. It cracked at 
between 11 and 12 ins. of water (57-62 psf) on the fifth day of testing 
to three times design load. All six walls performed well at design 
load, none developing any cracks in the veneer at this load level. All 
six walls were tested to three times the design load. The deflections 
of the walls were proportional to the applied load until the brick 
veneer developed cracks. 
There was substantial movement at the top of the brick veneer in 
all the walls, especially in the walls tested under negative pressure 
(e.g Fig. C-27). This movement decreased after the brick veneer 
cracked. After the wall cracked, the brick veneer rotated about the 
crack nearly as a rigid body. This is shown in the deflection plots 
Figs. C-3, C-11, C-19. Owing to the free movement at the top of the 
brick veneer, the deflection consisted of rotation about the base of the 
veneer and deflection due to bending. This was very prominent in the 
walls tested under negative pressure. In fact, Fig. C-43, shows that 
there was very little bending in the brick veneer. Almost all the 
deflection was due to the rigid body rotation of the veneer about the 
base of the wall. 
The same dry~.;alls (backup t·Jalls) were used throughout the test. 
That is, Wall Nos. 1 and 4, Wall Nos. 2 and 5, and Wall Nos. 3 and 6, 
had the same backup ~.;alls, respectively. The same tie backings · . .;ere 
used; only the tie wires were changed. The drywall deflections were 
proportional to applied load; they became abruptly larger after the 
brick veneer cracked. !he runner tracks at the top and bottom of the 
drywall appeared to be unaffected by the load testing. One screw that 
held the ties on Wall No. 2, was found loose at the end of ~he ~est 
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under positive pressure. In the negative pressure tests, the tie back-
ings were deformed especially the topmost ties in wall Nos. 4 and 6, in 
which there was considerable movement at the top of the brick veneer. 
None pulled out, however. 
The residual deflections in the walls were large in some cases 
especially after the brick veneer cracked. Before the veneer walls 
cracked, the residual deflections were the rigid body movements of the 
walls (Figs. C-7, C-15 and C-23). However after the brick walls 
cracked, the residual deflections consisted of the rigid body movement 
and the rotation about the crack (Figs. C-3, C-11 and C-35). 
As mentioned previously, the top of the brick veneer walls moved 
substantially under lateral load. This affected greatly the performance 
of the wall system. It is believed that if the top of the brick veneer 
is restrained from moving, the brick veneer will crack at much lower 
load levels. The top end boundary condition of the brick veneer is 
therefore a very important factor in the performance of this wall sys-
tern. 
CHAPTER VI 
RESULTS OF ANALYTICAL STUDY 
Parametric studies were done on the models described below for the 
walls tested, and for walls for one story and two story buildings with 
different boundary conditions. The results are shown below. 
Notations 
where 
The following notations were used in this section and the plots. 
K/K = relativ~ tie stiffness, 
e 
(EI) 1 = flexural rigidity of the brick wall, 
where E1 ranges from 875 ksi to 3000 ksi and r 1 is 
the moment of inertia of a 24 in. wide by 3.5 in. 
thick brick prism, therefore I 1 = 85.75 . 4 ~n. . 
flexural rigidity of the drywall, where E? is 29500 ksi 
~ 
and I 2 is the moment of inertia of the metal stud wall 
including the contribution of the gypsum board 
1n partial composite action, 
K = axial stiffness of interior springs (Fig. 20) and 
K = axial stiffness of exterior springs at supports. 
e 
Values of A and B shown on the figures represent a broad range of 
possible values. Typical values of A and B may be calculated as fol-
lows: 
A= (EI) 1/KL 3 = (875)(85.75)/(7.440)(112) 3 = 0.0071, and 
B = (EI) 1/(EI) 2 = (875)(85.75)/(29500)(0.54) = 4.71. 
Other assumptions regarding tie stiffness, masonry elastic modulus and 
composite action will produce a broad range of values for A and B. 
Results of Mathematical Model 
The effect of the boundary condition at the top of the brick wall 
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and tie sizes on the performance of the wall system were evaluated in a 
parametric study. The values of A = 0.0246 and B = 16.15 ~ere evaluated 
for the model when E was taken as 3000 ksi, according to the Brick 
m 
Institute of America 1 s recommendation. A= 0.0071 and B = 4.712 were 
obtained when E = 875 ksi as obtained from a prism flexure test was 
m 
used. Hhen full composite action between the studs and the gypsum 
boards was considered forE = 875 ksi, A= 0.0071 and B = 1.818 
m 
resulted. These values of A and B with different values oi K were used 
e 
in the parametric study. The results are shown in Figs. 23, 24 and 25. 
Fig. 23 shows the effect of the movement at the top of the brick 
wall on the maximum moment in the brick wall. It should be observed 
that these movements reduced the maximum moments and therefore the brick 
wall will develop cracks at higher loads. 
Fig. 24 shaHs the plot of the maximum moments in the brick · .. ,all 
versus the ratio of the tie stiffness ~o the end stiffness modeling the 
brick top end support condition. The maximum moments approached an 
asymptotic minimum value as the end stiffness approached zero. This 
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Figure 24. The Variation of Haximum Homents in :he Brick,.;all · . ;ith End 
Stiffness 
brick wall will be larger than the peak moment if the top is free to 
move. 
Fig. 25 shows the brick wall moment plots for two different tie 
stiffnesses. The stiffer ties restrain the movement of the wall and 
maximum moments are generated near the foot of the brick wall. 
80 
Figs. 26 and 27 show the moment variation in the brick wall with 
K/Ke at A = 0.005 and A = 0.20, respectively. As K/Ke increased (more 
flexible top support), the moments in the brick wall decreased espe-
cially in the upper half of the brick wall. This increase in the moment 
was more as A increased, Fig. 27. 
Fig. 28 shows the moment in the brick wall with variation in B. 
The moment increased as B increased. Fig. 29 shows the moment in the 
brick wall with variation in A. As A increased the moment also 
increased. 
Figs. 30 and 31 show the nondimensionalized forces in the ties in 
the wall model for A = 0.0246 and A = 0.20, respectively. The spring 
forces were nondimensionalized by dividing them by the applied load per 
unit length multiplied by the height of the wall. The forces in the 
ties are sometimes reversed. The large force in the tie that is atta-
ched to the bottom spandrel beam in Fig. 31 should be noted. 
Discussion of Analytical Results for the Test Wall Model 
The behavior of the wall system tested was complex and difficult to 
model. Probably the most meaningful way to evaluate the effectiveness 
of the wall system is to compare the bending moment in the brick veneer 
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Figure 26. Moment Variation in the Brickwall with K/Ke for Wall Model 
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as if it resisted all lateral load alone. The difference in these 
bending moments represents the amount by which the backup system reduces 
the load carrying requirements of the brick veneer alone. Using the 
values of wall stiffness, end support stiffness, composite action of 
metal stud wall and boundary conditions, which best fit the mathematical 
model to the experimental data, the bending moments in the brick veneers 
were calculated (Figs. 32, 33, and 34). Lines which are identified 
"brick wall only'' are plots of the moments in the brick •..;all without 
backup. An example of the usefulness of such a plot may be illustrated 
from Fig. 32. The maximum nondimensionalized moment, M/qL 2 for 8 = 
4.712, A= 0.0071, K/KE = 0 is found from the graph to be 0.075. If the 
brick veneer resisted all of the load, the value would be 0.125. There-
fore, according to the model, the bending stress of the "backed up" I.Jall 
\·lOUld be 60% of a •.-1all '.·Jhich was not backed up. 
The effect of the stiffness of the support at the top of the brick 
•.-1all can be illustrated by r:"ig. 33. A •..;all having K/KE = 0, ' . .Jhich cor-
responds to a rigid top spring, has nondimensionalized maximum ~oment of 
0.103. The same wall having K/KE = 100, corresponding to an extremely 
flexible top spring, has a nondimens1onalized moment of 0.050. The same 
wall without backup has a nondimensionalized moment of 0.125. Thus, a 
wall with stiff lateral support at the top would have 83% of the stress 
of a wall without backup. The same wall with very flexible top support 
would have only 40% as much flexural stress as a wall without backup. 
It is therefore expected that brick veneers supported by shelf angles 
w1th flexible support at the top can be expected to perform better than 
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Figure 34. Moment Vat:"iation in the Brickwall with B for \~all Model at A 
= 0.0071 
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as great when the ties are stiffer, as shown in Fig. 32. Here there is 
little difference between values corresponding to K/KE = 0 and K/KE = 
100, both values resulting in approximately 60% of the flexural stress 
as a wall without backup. 
The effect of relative flexural rigidity is shown in Fig. 34. When 
the brick veneer is 4.712 times stiffer than the backup wall (no compos-
ite action), the nondimensionalized moment is 0.075, compared to 0:125 
with no backup. When the relative flexural stiffness decreases to 1.828 
(full composite action), the nondimensionalized moment decreases to 
0.053. Thus, forB = 4.712, the veneer carries 60% as much bending 
moment as it would without backup. When B = 1.828, the percentage 
decreases to 42%. Since composite action is uncertain, the value of 60% 
is suggested. 
Fig. 34 also illustrates that the use of relative stiffness (EI) as 
a means of distributing load to each wythe is not a good method of 
design. For example, a value of B = 1 would imply equal distribution of 
lateral load to each wythe, thus a SO% reduction in bending stress. 
However, Fig. 34 shows a 70% reduction for B = 1. Similar inaccuracies 
are observed for other values of B. 
The forces in the wall ties were found to be non-uniform. In fact, 
analysis shows that ties can even have different signs depending upon 
boundary conditions at tie location. According to the computer model 
(Figs. 30 and 31), the forces in the ties ranged from 0 up to values as 
high as 20% of the total force on the entire wall. Thus, since there 
were a total of 14 ties in the wall, the practice of distributing load 
equally to all the ties would result in a maximum of only 7% of total 
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load per tie. A second implication of unequal tie force distribution in 
the wall system is that the backup wythe is not uniformly loaded. In 
fact, the distribution of load on the backup wythe is much larger near 
the supports than it is near midspan. Since the backup wall is much 
stiffer in resisting lateral force near a support, it is logical that 
more force would be attracted to these locations. 
CHAPTER VII 
RESULTS OF PARAHETRIC STUDIES 
In this section, the ~esults of the pa~amete~s and othe~ facto~s 
investigated are ~eported. These include tie stiffness, modulus of 
elasticity, composite action, height of metal stud wall, air space 
thickness, and inelastic behavior of the wall system. 
Effect of Tie Stiffness 
The effect of tie stiffness and relative tie stiffness K/K on the 
e 
wall system was also investigated. The maximum moment in the brick wall 
fo~ different conditions was compared to the moment M0 , the maximum 
moment in the brick wall if there were no backup stud wall. That is, M0 
is the maximum moment in the brick wall if it resisted the whole applied 
load. It was found that the extent to which the backup wall resists the 
applied load depends on factors such as end support conditions, the 
stiffness of the ties and the stiffness of the backup wall. 
At low values of A (A= 0.005), that is for stiff ties, the maximum 
moment in the b~ick wall decreased from 76% to 72% of M0 as K/Ke 
increased from 0.0 to 100.0 (Fig. 26). At high values of A (A= 0.20), 
that is for flexible ties, the maximum moment in the brick wall 
dec~eased f~om 74% to 60% of M0 as K/Ke inc~eased from 0.0 to 100.0 
(Fig. 27). 
At B = 16.15 and K/K = 1.0, the maximum moment in the brick wall 
e 
increased to 82% of M0 as A increased from 0.005 to 0.0246. At highe~ 
values of A, this pe~centage became smalle~. At A = 0.20, the moment in 
the brick wall was 74% of M0 (Fig. 29). 
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The results show that the stiffer. ties are capable of attracting 
high loads. Therefore, more load is transferred to the backup wall when 
stiffer ties are used. That is, stiff ties are beneficial to the system 
as they relieve the stress in the veneer by transferring load to the 
backup. Since the transfer of the applied load to the backup wall is 
highly dependent on stiff ties, the tie stiffness is an important factor 
on the overall behavior of the wall system. 
Effect of Smaller Modulus of Elasticity for Masonry 
The Brick Institute of America's handbook on Engineered Brick 
Masonry (8), specifies that the modulus of elasticity of brick masonry 
should be taken as E = 1000f' and not greater than 3000 ksi, where f' 
m. m m 
is the compressive strength of the brick prisms. The average compres-
sive strengths of the brick prisms made during the construction of the 
test wall specimens are 4035 psi for Walls 1, 2 and 3 and 5170 psi for 
Walls 4, 5 and 6, respectively. By the BIA specification, E = 3000 ksi 
m 
for these walls. However, from the flexure test performed on a 32 in by 
8 in specimen taken from Wall No. 1 during the demolition process E , 
m 
was found to be 875 ksi (Fig. 18). This reduced the value of B for the 
walls tested from 16.15 to 4.712. The maximum moment in the brick wall 
is thus reduced (see Figs. 32 and 40). This means that more load was 
transferred to the backup wall. 
Effect of Airspace Thickness 
The effect of the airspace thickness is equivalent to variations in 
A. If the airspace is increased from one inch to two inches, the effect 
is to increase A by a factor of two. In Fig. 29, the effect of increas-
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ing A from 0.005 to 0.01 on the moments in the brick wall is small. In 
Fig. 33, the effect of increasing A from 0.005 to 0.010 on the moments 
is also negligible. Therefore, an increase in the airspace has little 
effect on the load resisted by the brick wall. 
Effect of Partial Base Fixity 
In order for the brick veneer to rotate about its base, the moment 
caused by the self-weight of the veneer about the point of rotation has 
to be overcome by the applied load. Assuming that the veneer rotates 
about an edge, this moment can be calculated and is equal to 1372 
in.-lb., using a strip of brick veneer two feet wide. It appears that 
the brick walls tested behaved as fixed at their bases until enough load 
was applied to overcome the resisting moments due to the self-weights of 
the veneers and the mortar droppings that accumulated at the bottom of 
the airspace. After these moments have been acheived, the brick veneers 
then bahaved as simply supported at their ends. 
In discussing the end fixity of the brick wall, the wall model 
shown in Fig. 21 is used. The base of the veneer is fixed instead of 
pinned as shown in the figure. The applied load is 24.3 psf and the 
wall is 24 in. wide. In the wall model with the veneer base fixed, the 
maximum negative moment at the base is 5619.0 in.-lb., and the maximum 
positive moment slightly above mid-height of the wall is 2474.0 in.-lb .. 
Since the moment required to overcome the self-weight of the wall is 
1372.0 in.-lb., the portion of the load resisted by the veneer behaving 
as fixed at its base is (1372/5619)24.3 = 5.93 psf. The remaining load, 
18.37 psf is resisted with the veneer simply supported at its base. The 
maximum positive moment when the brick veneer is simply supported at its 
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ends and loaded to 24.3 psf is 3866.0 in.-lb. which is 61% of the moment 
in the veneer without backup. If the positive moments are at nearly the 
same location on the veneer, superimposing the two positive moments 
gives the maximum positive moment to be 
(5.93 X 2474)/24.3 + (18.37 X 3866) /24.3 = 3526.0 in.-lb., 
which 1s 56% of the moment in the veneer without backup. Therefore, the 
stresses in the veneer are reduced by about 44% compared to a veneer 
without backup, when partial end restraint of the base of the brick 
veneer is considered. 
Composite Action 
There are two types of potential composite action in the wall sys-
tem. There is potential composite action between the brick wall and the 
backup, and there is potential composite action between the metal studs 
and the gypsum sheathings. These forms of composite action were inves-
tigated as follows: 
Composite Action Between the Brick Veneer and the Stud Wall 
When corrugated metal ties are used in the wall system, the ties 
may be able to withstand shear forces and moments at their ends. The 
degree to which this is done and the effect this has on the performance 
of the system is not known. 
In order to study this effect, The Structural Design Language 
(STRUDL) (15), was used to analyse the model shown in Fig. 21 for three 
different types of corrugated ties as given below. The ties were made 
to carry only axial load by releasing the end moments of the ties. The 
result from this analysis was compared with the result obtained by 
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allowing the ties to carry in addition to axial loads, shear forces and 
moments as shown in Fig. 35. Figs. 35, 37 and 38 show moments in the 
brick wall when composite action is expected in the interaction of the 
wall system with the ties and when no composite action is expected for 
three types of corrugated ties. They are corrugated ties gages 15, 18 
and 20, respectively. They are 0.0598 in., 0.0478 in. and 0.0359 in. 
thick, respectively and are each 7/8 in. wide. From the plots it is 
clear that little composite action is obtained from the interaction of 
the corrugated wall ties with the wall system. The results obtained 
here can be said to be the upper bound on the composite behavior of 
these ties. 
It should be noted that no composite action is obtained with the 
adjustable DW 10 ties because it can only withstand axial loads. 
Composite Action Betwee~ the Metal Studs and the Sheathings 
The gypsum sheathings are used to laterally brace the metal studs. 
One metal stud manufacturer (15) assumes that there is partial composite 
action between the studs and the sheathings. In trying to evaluate the 
contribution of the sheathings to the studs, the method of transformed 
sections has been used. 
When the studs were assumed to act alone, that is, no composite 
action between the studs and sheathings, the cross sectional area of the 
stud was 0.208 in. 2 and the moment of inertia, was 0.540 in 4 • Using E 
m 
of 875 ksi, the resulting value of B was 4.712. When the gypsum sheath-
ing was assumed to act fully in composite action with the metal studs, 
the transformed area was 0.4073 in. 2 , and the transformed moment of 
inertia was 1.392 in. 4 • The resulting value of B was 1.828. The maxi-
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Figure 38. Brickwall Moment Plots for Corrugated Tie Gage 20 in Compos-
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mum nondimensionalized moments are 0.075 and 0.053, when B = 4.712 and B 
= 1.828, respectively. If the brick wall resisted all the load with no 
backup, the maximum nondimensionalized moment is 0.125. That is, if 
there is no composite action between the studs and the sheathings, the 
brick wall carries 60% as much bending moment as it would without bac-
kup. When there is full composite action, the brick wall carries 42% as 
much bending moment. It is believed that there is little partial com-
posite action between the studs and the gypsum sheathings and the value 
of the portion of load resisted by the brick veneer is closer to 60% 
than to 40%. 
Inelastic Behavior of the Wall System 
In this analysis it was assumed that after the brick wall cracked, 
the wall system behaved in an inelastic manner. The model used to study 
the inelastic behavior of the wall system is shown in Fig. 39. The 
hinge in the model which simulated the crack was located at the point of 
maximum moment. It is assumed that after a crack forms, the brick 
veneer will develop a hinge, which cannot transfer moment, at the point 
of the crack. 
After the brick wall cracked, it was assumed to rotate about the 
crack as a rigid body (see dotted lines in Fig. 39). Fig. 39 was used 
to study this effect employing STRUDL (15). Fig. 40 shows the deflec-
tion plots in the brick wall before and after a crack develops for K/K 
e 
= 0.5 and Fig. 41, the deflection plots in the brick wall for K/K = 
e 
infinity, that is, when the top of the brick wall is free. In Fig. 40, 
the deflections, D, were nondimensionalized by dividing them by DO, the 
maximum deflection in the brick veneer when it is simply supported and 
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carries the total applied wind load. These agree with the shapes 
obtained from the lateral wall tests before and after the brick veneer 
cracked, see Fig. C-3. 
Figure 42 shows the moment variation (at the same load) in the dry-
wall before and after the crack was introduced. The maximum moment in 
the drywall after the crack was about three times the maximum moment 
before the crack. 
Prediction of Cracking Load 
An attempt was made to predict the load at which the brick wall 
will develop cracks using the calculated moments from the mathematical 
model with the value of the modulus of rupture obtained from the flexure 
test. From the plots the nondimensionalized moment factor, Z, can be 
obtained. 
Z = M/qL2 . ( 1) 
The load at which the brick wall will crack can be calculated from the 
following equation: 
2 Z(qL) = f 1 rS, 
where f 1 is the modulus of rupture from prism tests. 
r 
(2) 
For example, when no composite action is considered bet\veen the stud and 
the sheathings and the drywall is considered pinned at both ends and the 
movement of the top of the wall is restrained (Fig. 29), the maximum 
nondimensionalized moment in the brick wall for A = .0246, K/K = 1.0 
e 
and B = 16.15 is equal to z = 0.10246. Using a section modulus of S = 
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24.5 in 3 per ft and f ' = 114 psi, the load at flexural cracking may be 
r 
calculated from the equation 
q = f' S/ZL 2 
r 
is found to be 26.0 psf. From Fig. 27, with K/K = 1.0, A= 0.20 and B 
e 
= 16.15, a maximum value of Z = 0.0927 is obtained from which the calcu-
lated failure load is 29.0 psf. 
These low calculated loads led the author to believe that there is 
partial composite action between the stud and the sheathings. Also the 
runners at the top and bottom of the studs cause the end conditions of 
the studs to be somewhere between complete fixity and pinned. Figs. 43 
and 44 show the moment plots for the brick wall for full composite and 
no composite action between the stud and the sheathings and for the dry-
wall completely fixed and pinned, respectively. When the top of the 
brick wall is unrestrained and for full composite action between the 
studs and the sheathings, the predicted failure load is 137.0 psf, when 
the ends of the drywall are fixed, and the predicted failure load is 
50.0 psf, when the ends of the drywall are pinned. For the same brick 
wall end conditions, and no composite action between the stud and the 
sheathings, the predicted failure load is 77.0 psf, when the ends of the 
drywall are fixed and is 35.0 psf, when the ends of the drywall are pin-
ned. 
The experimentally measured failure load for two of the walls 
tested under positive pressure was between 52.0 and 57.0 psf. This 
falls within the range estimated above for the wall system for the 
extreme values obtained for the wall under the conditions the wall sys-
tern functions. It can be observed that there is some composite action 
110 
obtained from the interaction of the studs and sheathings. Also the end 
conditions of the drywall are observed to be between complete fixity and 
pinned, when the runners are screwed to the runners and the runners 
bolted to the support concrete frame as was done in this experiment. 
Figs. 45 and 46 show the theoretical deflection plots at design 
load, for the different conditions mentioned above. Alongside the plots 
is the plot of the test data at design load for Wall No. 1. The deflec-
tion of the wall is seen to fall within the predicted range. Fig. 47 
shows the brick wall deflection test data for Wall No. 1 at design load 
and the brick wall theoretical deflection data at design load for a 
model with the brick veneer fixed at the bottom and the drywall pinned 
at both ends and no composite action between the studs and the sheath-
ings. Fig. 48 shows the backup wall deflection test data for Wall No. 1 
at design load and the theoretical backup wall deflection data for a 
model with the brick wall fixed at the bottom and the backup wall pinned 
at both ends and no composite action between the studs and the sheath-
ings. It can be seen that the theoretical data are close to the actual 
test data. 
Evaluation of Current Design Method 
In the current design method, the metal stud sizes are obtained by 
either the imposition of mid-point deflection limitation of L/360 on or 
the maximum stress limitation in, the metal stud alone under full design 
wind load. This method neglects the support conditions and the flexural 
stiffness of the brick veneer. The wind load is assumed uniformly dis-
tributed on the metal studs instead of the point loads on the studs at 
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Figure 45. Comparison of Theoretical and Experimental Deflection Plots 
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Figure 46. Compa~ison of Theo~etica1 and Expe~irnental Deflection Plots 
at No Composite Action 
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this method of design is adequate for brick veneer with compressible 
filler material at the top and which also is capable of lateral movement 
at the top. 
The experimental and analytical results in this investigation show 
that the brick veneer is as critical to the performance of the wall 
system as the metal stud. Its end support conditions and flexural 
stiffness are very important to the overall performance of the wall sys-
tem. If flexural cracking is to be avoided, the brick veneer should be 
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Figure 47. Brick Veneer Theoretical Versus Actual Deflection Plots for 
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Figure 48. Backup Wall Theoretical Versus Actual Deflection Plots for 




The walls tested were very complex in their behavior. Even with 
the substantial data obtained during the experimental program, the sys-
tem remained difficult to explain. The loads carried by the system 
exceeded values predicted by conventional analysis. 
Based on the experimental test results and the computer models, the 
following conlcusions were reached: 
1. The 14 ga OW 10 adjustable tie used in the tests performed well 
and is therefore recommended for use in this wall system, especially in 
construction cases where lateral and vertical movements are expected. 
For large design loads it is recommended that a heavier backing (12 ga) 
be used. 
2. The walls subjected to lateral loads were all capable of resist-
ing their design lateral wind load without flexural cracking of the 
brick veneer; five of the six walls reached twice design load without 
flexural cracking; and two of the six walls reached three times design 
load without cracking. In the current design procedure, the metal studs 
are designed to resist the full lateral load without exceeding a midspan 
deflection limit of L/360, where L is the stud height. Additionally, 
the maximum allowable stress in the metal stud may not be exceeded. 
3. The compressible filler material at the top of the brick veneer 
allowed appreciable movement of the top of the brick veneer. This move-
ment relieved the stresses in the brick and enabled the system to resist 
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more load than it would have done without the movement. The load capac-
ity of the walls during the tests is attributable, in part, to these 
brick veneer top movements. The analytical results show that if the top 
of the wall is not permitted to move laterally, the brick veneer will 
develop cracks at lower loads. 
4. The mathematical model developed predicted failure loads to a 
good degree of accuracy. The brick veneer behaved as if it were 
restrained at the base and free at the top, and the drywall behaved as 
pinned at both ends. The composite action obtained between the stud and 
the gypsum wallboard did not appear to be significant. 
5. In the walls tested, it appears that the metal stud backup 
reduced the flexural stresses on the brick veneer about 44% compared to 
that of a veneer without backup. 
6. Forces in the wall ties are nonuniform, even when wind pressure 
is uniformly distributed. The practice of distributing force to ties 
uniformly in design appears to substantially underestimate maximum tie 
forces. 
7. Composite action between the studs and gypsum sheathing and 
between the brick veneer and the studs when corrugated ties are used, 
though partially present, do not significantly alter the load which must 
be resisted by the brick veneer. 
8. The use of flexural rigidity as measured by the value EI as a 
means to distribute lateral load to each wythe is inaccurate. Such fac-
tors as tie stiffness, span difference between the two wythes, and 
boundary conditions have as much effect as flexural rigidity on distrib-
ution of lateral load. 
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9. Water permeance, measured using a modifi~d version of ASTM E514, 
did not correlate closely with the level of load to which the wall was· 
previously subjected. There was no significant increase or decrease in 
water permeance after the walls were subjected to twice design load. 
APPENDICES 
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! CYCLE 5 AT 150 LBS 







- .. en COMPRESS I CIN 
~ 
_, 













-1110.0 -ao.o -aa.o -••·o -••·o ..110.0 aa.o -.a 200.0 
DISPLACEMENT M}QMM-3 (JNCHESl 
Figure A-4. Hysteresis Loop for Corrugated Tie ga 20 at 150 lbs. 
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~ CYCLE 5 AT 50 LBS 
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DISPLACEMENT MlQMM-3 (JNCHESl 
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Figure A-5. Hysteresis Loop for Corrugated Tie Gage 18 at 50 lbs, with 





















-=a..o -aa.o -1-.o -1&o -1•.o -uao.o -111.0 --.o -10.0 ao.o !10.0 
DISPLACEMENT M]QMM-3 (INCHESl 
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Figure A-6. Hysteresis Loop for Corrugated Tie Gage 18 at 100 lbs, with 






























-=-a.o -a20.0 •180.0 •110.0 •130.0 •100.0 -70.0 .... 0 ·10.0 20.0 sa.o 
DISPLACEMENT M}QMM-3 £I NCHESl 
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Figure A-7. Hysteresis Loop for Corrugated Tie Gage 18 at 150 lbs, with 




























...,..8 -7311.8 --.8 ..1110.8 -118.8 -na.8 -ao 118.0 a.. a 
DISPLACEMENT wlOMw-3 (INCHESl 
Figure A-8 
a= 2 in. 
Hysteresis Loop for Corrugated Tie Gage 18 at 50 lbs, with 
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!! CYCLE 5 AT 100 LBS 


























~~~~a -ao1o.o -870.0 -730.o -SIO.o ~so.o -sao.o -a10.o -30.0 tto.o 2SO.O 
0 I SPLACEHENT M 1 QMM-3 (I NCHESl 
131 
Figure A-9 
a = 2 in. 
Hyst:eresis Loop for Cor ruga ted Tie Gage 18 at l 00 lbs, with 
0 ! CTCLE S AT 150 L8S 
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DlSPLACEMENT M}QMM-3 (JNCHESJ 
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Figure -~-10 Hysteresis Loop for Corrugated Tie Gage 18 at 150 lbs, with 
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01 SPLACEMENT :~t 1 QMM-3 (I NCHESl 
































~~--~~~~--~~~~----~~--r-~~~--~~~r---~ ~.0 -220.0 -1-.Q -1-.0 -130.0 -IIlLO -70.0 -110.0 -10.0 20.0 50.0 
DISPLACEMENT •10••-3 (JNCHESl 
Figure A-12. Hysteresis Loop for Corrugated Tie ga 16 at 100 lbs. 
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0 I SPLACEHENT M 1 QMM-3 (I NCHESl 
Figure A-13. Hysteresis Loop for Corrugated Tie ga 16 at 150 lbs. 
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0 I SPLACEHENT M 1 QMM-3 (I NCHESl 
136 
Figure A-14. Hysteresis Loop for DW 10 Tie Gage 14 at 50 lbs, with Wire 
Diameter= .188 in. 
ct 
2 CTCLE 5 RT 100 LBS 












DISPLACEMENT MlQMM-3 (JNCHESl 
Figure A-15. Hysteresis Loop for OW 10 Tie Gage 14 at 100 lbs, with 
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';.aso.o -220.0 -l-.0 ·liO.O -130.0 •lOO.O -70.0 ~.o -10.0 ~.o !0.0 
01SPLACEHENT M}QMM-3 (]NCHESl 
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Figure A-16. Hysteresis Loop for DW 10 Tie Gage 14 at 150 lbs, with 
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~ ~--~~~~~~~PT----~~~--~~--~--~~--~~~~~~--~ ~.o -no.o -••.o -uso.o -1:so.o -100.0 -70.0 -'10.0 -10.0 20.0 so.o 
0 I SPLACEMENT w 1 Oww-3 ( 1 NCHESl 
Figure A-17. Hysteresis Loop for DW 10 Tie Gage 14 at SO lbs, with Wire 
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-110.0 -180.0 -1!0.0 -100.0 -7D.O -ftO.O -10.0 ao.o so.o 
DISPLACEMENT M}QMM-3 £1 NCHESl 
Figure A-18. Hysteresis Loop for OW 10 Tie Gage 14 at 100 lbs, with 
Wire Diameter = .172 in. 
0 ! CYCLE S AT 150 
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;1---~~~--~--~--~--~--~--~~~~ ~o -220.0 -a•. -a-. - -· - . · 0 - o a- o aoo o -70 o -'fO.o -ao.o 20.0 so.o 
DISPLACEMENT MlQMM-3 ( l NCHESl 
Figu~e A-19. Hyste~esis Loop fa~ OW 10 Tie Gage 14 at 150 lbs, with 
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i~--~~---r--~~--~----~----~~~--------------~ ~.a -aa.a ·••.a -•ea.a -••.o -&aa.a -70.a -'fti.O •10.0 20.0 sa. a 
DISPLACEMENT M10MM-3 £I NCHESl 
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8~--~~~~--~~~--~~~~--~~~--~--~----~~~ ~.o -uo.o -1•.o -1•.o •I!O.o -u•.o -10.0 -1111.0 ·10.0 20.0 so.o 
DISPLACEMENT M10MM-3 (INCHESl 
Figure A-21. Hysteresis Loop for DW 10 Tie ga 12 at 100 lbs. 
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CTCLE 5 AT 150 LBS 
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Table B-I. Brick Properties 
COMPRESSIVE ABSORPTION (%) SATURATION INITIAL RATE 
SAMPLE STRENGTH (PSI) 5HR. 24HR. 5HR. COEFFICIENT OF ABSORPTN. 
COLD COLD BOIL (g/30in 2 ) 
1 16,920 5.28 5.33 7.35 . 73 7.8 
2 17,230 5.53 5.81 7.99 . 73 13.5 
3 18,720 5.57 5.80 7.95 . 73 12.0 
4 20,450 5.13 5.47 7.36 . 74 9.5 
5 20' 110 5.02 5.28 7.27 . 73 9.0 
Average 18,680 5.30 5.54 7.58 . 73 10.4 
Table B-II. Stack Bond Prism Properties for Wall Nos. 1, 2 and 3. 
PRISM NO. ULTIMATE LOAD STRESS 
(LBS) (LBS/IN. 2 ) 
1 116 '000 4,070 
COHPRESSION 2 108,000 3,789 
3 121,000 4,246 
AVERAGE 114 '990 4,035 
COEF. OF VAR. 5. 7% 5. 7% 
1 485 79 
BENDING 2 487 79 
3 670 108 
AVERAGE 547 89 
COEF. OF VAR. 19.41% 18.53% 
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Table B-III. Mortar Properties for Wall Nos. 1, 2 and 3 (Batch No. 6). 
MORTAR CUBES 
CUBE NO. MAX. LOAD (LBS) STRESS (LBS/IN. 2 ) 
1 12,190 3,048 
COMPRESSION 2 12,300 3,075 
3 11,700 2,925 
AVERAGE 12,063 3,016 
COEF. OF VAR. 2.6% 2.6% 
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Table B-IV. Mortar Properties for Wall Nos. 1, 2 and 3 (Batch No. 8). 
MORTAR CUBES 
CUBE NO. MAX. LOAD (LBS) STRESS (LBS/IN 2 ) 
1 12,400 3,100 
COMPRESSION 2 12,460 3,150 
3 13,000 3,250 
AVERAGE 12,667 3,167 
COEFF. OF VAR. 2.4% 2.4% 
4 1,600 180 
TENSION 5 2,125 239 
6 1,450 163 
AVERAGE 1 '725 194 
COEFF. OF VAR. 20.5% 20.5% 
MORTAR CYLINDERS 
CYLINDER NO. MAX. LOAD (LBS) STRESS (LBS/IN. 2 ) 
1 7,200 2,292 
COMPRESSION 2 6,400 2,037 
3 6,900 2,196 
AVERAGE 6,833 2,175 
COEFF. OF VAR. 5.9% 5.9% 
4 3,800 302 
TENSION 5 2,600 207 
6 4,100 326 
AVERAGE 3,500 278 
COEFF. OF VAR. 22.7% 22.7% 
Table 8-V. Mortar Air Content for Wall Nos. 1, 2 and 3. 
INIT. FLOW 
































Table B-VI. Prism Properties for Wall Nos. 4, 5 and 6. 
PRISM NO. IN I. CRA. LOAD ULTII1ATE LOAD STRESS 
(LBS) (LBS) (LBS/IN. 2 ) 
1 90,000 158,000 5,544 
COMPRESSION 2 146,000 5,123 
3 58,000 138,000 4,842 
AVERAGE 147,000 5,170 
COEFF. OF VAR. 6.83% 6.83% 
1 800 129.6 
BENDING 4 1,120 151.9 
6 900 132.6 
AVERAGE 940 138.0 
COEFF. OF VAR. 17.42% 16.33% 
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Table B-VII. Mortar Properties for Wall Nos. 4, 5 and 6 (Batch No. 3). 
HORTAR CUBES 
CUBE NO. MAX. LOAD (LBS) STRESS (LBS/IN. 2 ) 
1 7,340 1,835 
COMPRESSION 2 6,140 1,535 
3 7,600 1,900 
AVERAGE 7,027 1,757 
COEFF. OF VAR. 11.08% 11.08% 
4 1,950 219 
TENSION 5 1,960 221 
6 1,400 158 
AVERAGE 1,770 199 
COEFF. OF VAR. 18.11% 18.11% 
MORTAR CYLINDERS 
CYLINDER NO. MAX. LOAD (LBS) STRESS (LBS/IN. 2 ) 
1 4,620 1,471 
COMPRESSION 2 5,140 1,636 
3 5,040 1,604 
AVERAGE 4,933 1,570 
COEFF. OF VAR. 5.59% 5.59% 
4 3,710 295 
TENSION 5 2,810 224 
6 3,620 288 
AVERAGE 3,380 269 
COEFF. OF VAR. 14.67% 14.67% 
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Tabl~ B-VIII. Mortar Properties for Wall Nos. 4, 5 and 5 (Batch No. 7). 
MORTAR CUBES 
CUBE NO. MAX. LOAD (LBS) STRESS (LBS/IN. 2 ) 
1 8,040 2,020 
COMPRESSION 2 9,420 2,355 
3 9,300 2,325 
AVERAGE 8,920 2,230 
COEFF. OF VAR. 8.57% 8. 57% 
4 2,045 230 
TENSION 5 1,970 222 
5 1,900 214 
AVERAGE 1,972 222 
COEFF. OF VAR. 3.68% 3.68% 
MORTAR CYLINDERS 
CYLINDER NO. MAX. LOAD (LBS) STRESS (LBS/IN. 2 ) 
1 5,630 1,792 
COI1PRESSION 2 5,800 1,846 
3 5,360 1,706 
AVERAGE 5,597 1,781 
COEFF. OF VAR. 3.96% 3.95% 
4 4,235 337 
TENSION 5 3,700 295 
5 2,435 197 
AVERAGE 3,457 275 
COEFF. OF VAR. 25.74% 26.74% 
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Table B-IX. Mortar Air Content for Wall Nos. 4, 5 and 6. 
FLOW FLOW AFTER SUCTION AIR CONTENT 
BATCH NO. (%) (%) (%) 
1 106. 
2 106. 




7 107. 79.0 5.4 
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Table B-X. Tensile Stress at Failure.Loads (psi) Using the Bond Wrench 
Method for Wall Nos. 1, 2 and 3 
PRISM NO. 1 2 3 4 5 6 
JOINT c 
1 120.2 117.8 112.6 90.0 80.0 148.8 
2 122.2 125.4 136.7 183.4 169.3 98.5 
3 85.2 75.5 112.2 108.9 152.8 127.1 
4 (79.20)a (79.50)a (107.8)a 75.5 133.5 75.1 
5 55.4 111.4 182.2 118.2 76.3 
6 2G.O 67.5 117.4 113.4 48.2 70.3 
a Stress at failure load by ASTM E518 
b This joint failed while testing joint 4 
c Joint 1 refers to the top bed joint in a prism 
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Table B-XI. Tensile Stress at Failure Loads (psi) Using the Bond Wrench 
Method for Wall Nos. 4, 5 and 6 
PRISM NO. 1 2 3 4 5 6 
JOINT c 
1 119.8 161.7 190.7 230.9 201.1 179.0 
2 (129.6)a 177.8 166.5 148.8 174.6 190.7 
3 181.8 (-) b 160.9 (151.9) a (-)b (132.6) 
4 144.0 146.4 176.2 205.9 244.6 157.6 
5 184.2 131.9 125.8 148.0 140.7 158.5 
a Stress at failure load by ASTM E518 
b This joint failed while testing joint 4 
c Joint 1 refers to the top bed joint in a prism 
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Table B-XII. The Bond Wrench and ASTM E518 Methods on Wall 1,2 and 3. 
(a) . BOND WRENCH METHOD: STATISTICAL CALCULATIONS PER PRISM. 
MEAN (LBS) STANDARD DEVIATION COEFFICIENT OF VARIATION 
PRISM n (LBS) (%) 
1 5 101.8 51.70 50.8 
2 5 124.3 32.00 25.7 
3 5 164.4 36.88 22.4 
4 5 142.1 51.58 36.3 
5 6 145.5 56.66 38.9 
6 6 123.6 39.95 32.3 
(b). BOND WRENCH METHOD: STATISTICAL CALCULATIONS PER JOINT. 
MEAN (LBS) STANDARD DEVIATION COEFFICIENT OF VARIATION 
JOINT c (LBS) (%) n 
1 6 138.75 30.24 21.8 
2 6 173.16 39.29 22.7 
3 6 137.58 34.23 24.9 
4 3 117.83 41.71 35.4 
5 5 135.20 60.18 44.5 
6 6 91.83 44.64 48.6 













WALL NO.1 BRIC.f\i-JALL fLCJAOINGJ 
MAX. LCJRD=24.34 PSF 
PRESSURE (POSITIVE) 
LEGEND 
C) LORD~! lN. 
Q L~R0~2 lN. 
+ L~RO~II IN. 
)( LORO:II.56 lN. 
NOTE: LORD IS :r.J I'JS. JF ,-.iRTER 
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~~.Ctco~--~so~.o~o~~-o~o~J~o--~s~o~o--~~--~~--~~--~~--------,------
• · 1 .Q 200.00 250.JO 300.JO 350.JO .;OO.·JO ~S0.80 500.00 
DISPLACEMENT X :o~w-3 INS. 












WALL NCJ. 1 BR I CKWALL (LCJAO I NGJ 
MAX. LCJA0==48. 64 PSF 
PCJSITIVE PRESSURE 
LEGEND 
~ LCRO•l IN. 
C) LCR0•2 IN. 
+ LCRO•I4 IN. 
X LOR0•5 IN. 
~ LCROz6 IN. 
"!" ~ORO• 7 lN. 
::;<:: LOR0•8 IN. 
z LCIR0•9 IN. 
'( LCR0•9.36 IN. 
NCJTE: LCJAO IS IN INS. CJF WATER 
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0 
0~~~~~--~~--~~--~----~----~----~----~----~----~ 9b.oo 50.oo 10o.oo !5o.oo zoo.oo 25o.oo 3DO.oo 35o.oo 140o.oo 14So.oo soo.oo 
DISPLACEMENT X lOMM-3 INS. 













WALL ND. 1 BRICKWALL (LDROINGl 
MAX. LDA0=73.12 PSF 
POSITIVE PRESSURE 
LEGEND 
[!] L~RO= 1 1 N. 
(!) LClR0•2 lN. 
A. L~RQa.; !N. 
+ LClR0•6 lN. 
X LClRO•B lN. 
~ LClRO•lO IN. 
""' LClRO•ll lN. 
::><:: Lt:IRO•l2 IN. 
z Lt:IRO•l3 IN. 
y LORO•l" IN. 
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N CJ T E : L CJ A 0 I s l N I N s . CJ F w A T E RA I! ~+1_-~o----~----~------r-----~----~----~------r-----T-----~----~ u w sb.oo tbo.oo J~o.oo zbo.oo 2~o.oo 3oo.Jo 3~o.oo li.OO.oo ll.~o.oo soo.oa 
DISPLACEMENT X lOMM-3 INS. 







WALL ND. 1 DRIWALL lLCJRDINGl 
MAX. LDRD=24.34 PSF 
PRESSURE (POSITIVE) 
LEGEND 
[!] LllRO•I IN. 
C) L!lR0•2 lN. 
;!). L!lR0•3 lN. 
+ L::IROzll. IN. 
)( L!lRO~Il..5B IN. 
NDTE: LORD IS IN INS. OF WATER 
















MAX. LOAD=48. 64 PSF 
POSITIVE PRESSURE 
LEGEND 
[!] LI!RO•l lN. 
(!) L~R0•2 lN • 
.<!!.. L~R0•3 lN. 
+ L~RO•olo IN. 
X L~RO•S IN. 
¢ L~R0•6 IN. 
~ L~R0•8 lN. 
z L~R0•9 IN. 
'( L~R0•9.36 IN. 
NOTE: Ll)RO IS IN INS. OF WATER 
1ho.oo 1~o.oo 2ho.oo 2~o.oo 3oo.oo 3~o.ao l!bo.oo ~~o.oo 
OISPLACEHENT X lOww-3 INS. 
500.00 
Figure C-5. Drywall Lateral Deflection for Wall No. 1 at Twice Design 
Load. 
WALL NCJ. 1 DRIWALL (LOADINGl 
MAX. LOAD:;:73.12 PSF 
POSITIVE PRESSURE 
LEGEND 
[!] LCIRO•I IN. 
C) LCR0•2 lN. 
L!). LCIRO•II. lN. 
+ LCIR0•6 lN. 
X LCIR0•8 IN. 
<;> LCIRO•I 0 lN. 
-<f> LCIRO•Il IN. 
z LCIR0•13 IN. 
y LCIRC•III. IN. 
I N CJ T E : L 0 A D I s I N I N s . CJ F w A T E RA I 
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~~~--~~--~--~--~--~--~~~~~~! 9J'.oo sb.oo Ibo.oo I5o.oo 2bo.oo zso.oo 30o.oo 3so.oo ~oo.oo '<So.oo soo.oo 
DISPLACEMENT X 10~~-3 INS. 






































~l 1 i I 
;n! 
BRICKWALL NO. 1 
RESIDUAL DISPLACEMENTS 
LEGEND 
C) LORD • 23.3\lo P5F 
~ LORD • ~6.68 P5F 
.1!1. LORD • 73.!2 PSF 
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ol 
0:+------T------r-----~----~------~----~------~~--~~~~~=-~ 9J'.oo 50.00 !OD.OD !5D.OO 2DD.OO 2SO.OO 30D.OD 35D.OO ll.OO.OO ~50.00 SDD.OO 
DISPLACEMENT X lQMM-3 INS. 
Figure C-7. Brickwall Residual Deflection for Wall No. 1 at Design 
Load, Twice. Design Load and Three Times Design Load, Respectively. 
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~~------------------------------------------------------~ 











[!] LCIRO 2 23. 3'l PSf 
C) LORD = 'l6.5B PSf 
~LORD • 73.12 PSf 
gL----~~~~~~~~~~~~~ !OO.OO ISO 00 200.00 250.00 300.00 35D.OO 'lOO.OO 'l 0.00 500.00 ~.oo so.oo DISPLACEMENT X lO><M-3 INS. 
Figure C-8. Drywall Residual Deflection for Wall No. 1 at Design Load, 









9:J. 00 SO.GO 100.00 
---- ·- ----· -·- ---- ------, 
WALL NO. 2 3RICKWALL ILGROINGJ I 
MAX. LORD=24. 34 PSF II, 
POSITIVE ~8ESSURE 
LEGEND 
A LDR0=3 lN. 
)( L~R0•~.6B lN. 
NOTE: LCJRO IS IN INS. OF ~~ATC:R 
ISO.,jQ 200.00 d50.00 300.:JO lSQ.:JO ~00.00 '150.00 









































WALL NO. 2 BR I CKWRLL (L(JRO I NGl 
MAX. LOR0=48. 64 PSF 
POSITIVE PRESSURE 
LEGEND 
[!] LCJR0•1 IN. 
C) LCIR0•2 IN. 
J> LCIR0•3 I N. 
+ LCJRO•LI IN. 
X LCIR0•5 IN. 
~ LOR0•6 IN. 
~ LOR0•7 IN. 
::ii:: LI:IR0•8 IN. 
z LCRD•9 IN. 
y LCFl0•9.36 IN. 
NOTE: LORD IS IN INS. OF WATER 
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0+-----~----~------~----,------r-----,------~-----r----~----~ 9:!'.00 50.00 100.00 150.00 200.00 250.00 300.00 350.00 1100.00 1150.00 500.00 
DISPLACEMENT X lOMH-3 INS. 









WRLL NO. 2 BRICKWRLL lLOROI:-.JGJ 1 
MRX. LOR0=73.l2 PSF l 
P~SITIVE PRESSURE I 
LEGEND 
1::J L0f10 2 l :N. 
(:l L~R022 lN. 
+ L:R026 IN. 
X L~l'm-a lN. 































WALL NC'J. 2 ORIWALL lLC'JAOINGJ 
MAX. LC'JA0=24.34 PSF 
PRESSURE (POSITIVE) 
LEG EN::: 
CJ LrJRO•l IN. 
C) LClR0•2 IN • 
.<!~, LClR0•3 IN. 
X UlRO•I!. 6B IN. 
NC'JTE: LOAD IS IN INS. OF WATER 
I ~!l~-------,sbr-_-00----1,...00=-_-=-00=---1:c:~-:-o.-=o=-o --::':20::::0-:. o:;;;o---:;z~so:;-_;;oo:;--:3;';;i:J-;;"o.~o;;-o --~35i"Do-:-:. oi0o-~~1iiao~.moo)"""';~iS~D.o.";C~oo ssoo. oo 
"b.oo DISPLACEMENT X lO><M-3 INS. 
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WALL NO. 2 ORIWALL ILCJAOINGJ 
MAX. LDA0=48.64 PSF 
POSITIVE PRESSURE 
LEGEND 
[!J LI:JRO•l ;N, 
C) LI:JR0•2 IN. 
A LOR0•3 IN. 
+ LI:JRO='l. IN. 
X LI:JRO•S lN. 
~ LI:JRD•6 IN. 
+ LOR0•7 IN. 
;;<:: LI:JR0•6 lN. 
z LI:JR0•9 IN. 
y LClR0•9.36 IN. 
NOTE: LOAD IS IN INS. OF WATER i 
:1 _____ ~~~~~~--~~~~~~~~~--~o.oo-~~Oc)--~~~~~Jcl~' + sb.oo Ibo.oo I~o.oo 2bo.oo 2~o.oo 3bo.oo 35o.oo ~bo.oo ~so.oo soo.oo 
DISPLACEMENT X lOHM-3 INS. 
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WALL ND. 2 DRYWALL (LDADINGl 
MAX. LCJAD=73.12 PSF 
POSITIVE PRESSURE 
LEGEND 
C!J LCIFIO•I IN. 
C) LCIFID•2 1 N. 
,1!1. LCIFIO•'lo lN. 
+ LCIFI0•6 lN. 
X LCIFID•B lN. 
¢ LCIFIO•ID lN. 
+ LCIFID•Il lN. 
~ LCIFID•I2 lN. 
z LCIFID•I3 lN. 
y LCIFID•l'l. lN. 
N D T E : L D A D I S I N I N S • CJ F W A T E R"' 
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DISPLACEMENT X lOMM-3 INS. 












BR I CKWALL NO. 2a 
RESIDUAL DISPLACEMENTS 
LEGEND 
CJ LCRO 3 23. 3~ P5F 
C) LCRO • ~6.66 PSF 
A L.DRO 2 73.12 PSF 
:l1-----~------~----~~~~~~~~~--~~~~35Sco~.acoo~~~~orno~.o)ao~~~~soo.~o~o--~soo.oo ~ 50.00 100.00 150.00 200.00 250.00 300.00 
u.oo DISPLACEMENT X 10,.>~-3 INS. 
Figure C-15. Brickwall Residual Deflection for Wall No. 2 at Design 









DRYWALL N(). ~ 
RESIDUAL DISPLACEMENTS 
LEGEND 
CJ L~RO a 23.3~ PSF 
C) L~RO a ~6.66 PSF 
~ L~RO s 73.12 PSF 
g'------r------~~--~~~~~~~~~--~~~~~~--~~o-~~Ocl~ + 100.00 150.00 200.00 250.00 300.00 350.00 ~00.00 ~50.00 500.00 9:J.oo so.oo DISPLACEMENT X lQMM-3 INS. 
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Figure C-16. Drywall Residual Deflection for Wall No. 2 at Design Load, 




:1 WALL NO. 3 BR I CKWALL I LORD I NGJ I 
~ MAX. LOR0=24.34 PSF 




CJ LORD'" I IN. 
(!) L~RD•2 IN • 
.!!>. UlRDs3 IN. 
+ LDRO=~ IN. 
X LORD=~. 56 IN. 
NOTE: LORD IS IN INS. OF WRTER 










































WALL NCJ. 3 BR I CKWRLL (LORD I NGJ 
MAX. LCJRD=48. 64 PSF 
POSITIVE PRESSURE 
LEGEND 
(!] LC!RO~I IN. 
C) LC!R0•2 IN. 
A LC!R0•3 IN. 
+ LC!R0•4. IN. 
X LC!RO•S lN. 
~ LC!RO•S lN. 
+ LC!R0•7 lN. 
;;<:: LCRO•EI IN. 
z LCR0•9 lN. 
y LCR0•9. 36 lN. 
NCJTE: LORD IS IN INS. CJF WATER 
0:+------r----~------r-----~~~~~~~~~~~~--~~~~~~~ cb.oo so.oo 1oo.oo 15o.oo 2oo.oo 25o.oo 3oo.oo 3So.oo 4.0o.oo 4.5o.oo soo.oo 
DISPLACEMENT X lOMM-3 INS. 














WRLL NCL 3 BRICKWRLL (LOROINGl 
MRX. LOR0=73.12 PSF 
POSITIVE PRESSURE 
LEGEND 
[!] L~RO~I IN. 
(!) L:lR0=2 IN • 
.!!1. UlRO~~ IN. 
"""!" LDRO~S IN. 
X LllR0•6 IN. 
~ LllRO•lO lN • 
..;> LllRO•ll IN. 
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WALL NO. 3 OR'n-~ALL 
MAX. LCJAD=24. 34 PSF 
PRESSURE (POSITIVE) 
'_ EGENO 
CJ UlAO•l IN. 
C) UlA0•2 IN. 
a LOA0•3 lN. 
+ LORO•'l IN. 
X LDAO•'l. 56 IN. 
(LOAOINGJ 
NOTE: LOAD IS IN INS. OF WATER 
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9:!+.-oo----...,.so-.-oo----I,.....oo-. -ao--J..,.s-o .-oo----.-2o-o-. o-o--_,2sr-o-. o-o---3,....oo-.-oo----,.3s-o-. o-o ---,~a-a-. o-o---~,....so-.-oo----lsoo. oo 
DISPLACEMENT X !QMM-3 INS. 












WALL NCL 3 DRYWALL (LCJRDINGJ 
MAX. LCJRD=48. 64 PSF 
POSITIVE PRESSURE 
LEGEND 
CJ LllRC=I HI. 
(!) LC!RC•2 IN. 
+ LllRO=I4 IN. 
X LllRC•5 lN. 
~ LllRC•6 IN. 
'I" LllRC•7 IN. 
::X: LORC•8 IN. 
z LOR0•9 IN. 
y L~R0•9.36 IN. 
NOTE: LORD IS IN INS. OF WATER 
g;'--~--~~~~~~~~~~~~~~ 9,+- 50 . 00 100 . 00 I5o.oo 2oo.oo 25a.oo 3oo.po 3so.oo 4.oo.oo ~so.oo 5oo.oo 
.oo DISPLACEMENT X lOMM-3 1NS. 
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WALL N(j. 3 DRIWALL (LOAD INGJ 
MAX. LaAD=73. 12 PSF 
POSITIVE PRESSURE 
LEGEND 
[!] LORD•l IN. 
(!) LORD•2 IN. 
~ LOR0-'4 IN. 
+ LOR0•6 IN. 
X LORD•B IN. 
¢ LORO•IO IN. 
'P' Li:IRD•ll IN. 
~ LORD•l2 IN. 
z LORD•l3 IN. 
y LORD•!" IN. 
NOTE:LOAD IS IN INS. (jf WATER4o. 
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0 
0+-----~----~------~----~~--~~~~~=-~~~--~~~~~~~ cb.oo so.oo roo.oo I5o.oo 2oo.oo 25o.oo 30o.oo 35o.oo "oo.oo "5o.oo 5oo.oo 
DISPLACEMENT X lOMM-3 INS. 























BR I CKWALL NIJ. 3 
RESIDUAL DISPLACEMENTS 
LEGEND 
~ LORO • 23.3~ PSF 
C) LORO • ~6.68 PSF 
4 LllRO • 73.12 PSF 
0+-----~------r-~--~~~~~=-~~~--~~~~~~~~~~~~~~ 9:J.ao 5o.oo 1oo.oo 15o.oo 2oo.oo zso.oo 3oo.oo 3So.oo ~oo.oo ~tso.oo soo.oa 
DISPLACEMENT X lOMM-3 INS. 
Figure C-23. Brickwall Residual Deflection for Wall No. 3 at Design 








DRIWALL N~. 3 
RESIDUAL DISPLACEMENTS 
LEGEND 
ca LCRD • 23.3' PSF 
C) LCAD • ,6.68 PSF 
~ LCAD • 73.12 PSF 
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~~.-oo----~sor.-o~O---lco-o.~o~o---l~scr.~oor--2~o~o~.o~o--~2~sor.~oor-~3o~o-.o~c--~3~s~o.-o-o--~,o~o-.-oo---,~s-o.-o-o--~soo.oo 
DISPLACEMENT X lONM-3 INS. 
Figure C-24. Drywall Residual Deflection for Wall No. 3 at Design Load, 











WALL N~. 4 BRICKWALL 




[!J ~CIRO•l lN. 
C) LCIJ:liJa<! lN. 
a ~01'10•3 lN. 
+ LCIJ:lOail lN. 
)( LCII'10•i1.5B lN. 
N~TE: L[)AO IS IN INS. OF rJA-;-ER 
I 
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9J. 00 50.00 100.00 150.00 200.00 250.00 300.00 350.00 ~oo.oo ~SO.JO soo.ao 
DISPLACEMENT X !Oww-3 INS. 




















WALL NO. 4 BRICKWRLL fLCJROINGJ 
MAX. LOR0==48. 64 PSF 
NEGATIVE PRESSURE 
LEGEND 
[!] L~ROal IN. 
C) L~ROa2 IN. 
A UlR0~3 IN. 
+ L~RO•Il IN. 
X L~RO•S IN. 
<!> L~R0•6 IN. 
'l" L~R0•7 IN. 
)<:: L~RD•B IN. 
z LC!R0•9 IN. 
y LCR0•9.36 IN. 
NOTE: LORD IS IN INS. OF WATER 
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9:1~+_-oo---sr-o .-o-o ---,-1 o-o-. o-0--1.,-S o-.-ao---.20-o-. o-o--2,..5-o .-o-o --3.--oo-. -oo--3..,..5-o-. a-O--Ilor-o-.-oo---,-ll5-o-. o-o-__,soo. ao 
DISPLACEMENT X lQMM-3 INS. 






















~I 9J. DO 
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WALL N~. L.l BR I CKWALL 
MAX. L~A0=73.12 PSF 
NEGATIVE PRESSURE 
[L(jAO I NGl I 
N~TE: LDAO IS IN 
30.oo ~b.cc sb.oo sb.oo 
DISPLACEMENT X lOww-2 INS. 
LEGEND 
[!] LCRD•l IN. 
C) LORD•<! lN. 
,a LOR0•'4 !N. 
+ LORD•6 lN. 
X LOR0•8 IN. 
¢ LORD•ID IN. 
~ LORD•!! !N. 
::;<: LCRD•l2 111. 
Z LtlRD•l3 IN. 
y LORO•l .. IN. 
INS. ~F WATER 
ab.oo 100.00 














WALL NCL 4 DRlWALL (L(jADINGl 
MAX. LORD=24.34 PSF 
NEGA1IVE PRESSURE 
LEGEND 
(!] LCIRC•l IN. 
(!) LCIR0•2 IN. 
<!!. LCIR0•3 IN. 
+ LCIRO•'Io IN. 
X LCIRO•'Io.SB lH. 
N(jTE: LORD IS IN INS. (jf WATER 
c 
Q~'---~~-~~-~~ ;-;- so.oo 100 . 00 150 .oo -zb~oo zso.oo 3oc.oo 35o.oo 11.oo.oo ~~o5o.oo soo.oo ~- 00 DISPLACEMENT X lOMM-3 INS. 
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l.JALL NO.4 DRYWALL (LOADINGl 
MAX. LOA0=48. 64 PSF 
NEGATIVE PRESSURE 
LEGEND 
2J LORD•! IN. 
(!) UlR0•2 IN. 
a LCR0•3 IN. 
+ LCRO•It IN. 
X LCRO•S IN. 
<!) ~OR0•6 IN. 
+ LCR0•7 IN. 
":><:: LCRO•B !H. 
L y LCR0•9.36 IN. 
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! ·--.-----.---. ~~TE:. L(jAD I 5 IN I NS..,.· __ a_F_~~-A_T_E_R-.--_J 
'J.ao so.oo 1oo.oo tso.ao 2oo.oo 25o.oo 30o.oo 35o.oo qoo.oo '15o.oo sao.ao 
DISPLACEMENT X lOHH-3 INS. 














--- --------·------·····---· -·-··----·-··--------·--·· 
WALL NCJ. 4 ORIWRLL (LCJROINGl 
MAX. LCJR0=73. 12 PSF 
NEGATIVE PRESSURE 
L:::GENO 
CJ LClRO• i 1 N. 
C) LClR0•2 IN. 
e. LORO•II. IN. 
+ LClR0•6 IN. 
X Li.lRO•B IN. 
¢ LCIRO•IO !N. 
+ LClRO•ll IN. 
~ L.CIRO•l2 IN. 
z LORO•i3 IN. 
y LCIRO•lll. lN. 
NOTC:: LOAD IS IN INS. OF WATER 
30 _00 ~o:-aa--sb.Oa·-.6o-.a-o-70:o-o--e..,..o:oo -~a-·-1bo. ao 
DISPLACEMENT X lOMM-2 tNS. 








































0 I m 
0 I ~ ~ 
c 
0 
9J. co so.oo 
( 
BR I CKWALL NO. 4 
RESIDUAL DISPLACEMENTS 
LEGEND 
CJ LORO • 23.3~ PSF 
C) LORD • ~6.58 PSF 
~ LORO • 73.12 PSF 
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l 
JcO:OO-:Sc-:oo-z'EO. oo--2'50. oo Joo. oo Jso. oo ~oo. oo ~so. oo soo. oo 
DISPLACEMENT X lONM-3 INS. 
Figure C-31. Brickwall Residual Deflection for Wall No. 4 at Design 











DRYWALL NO. 4 
RESIDUAL DISPLACEMENTS 
LEGEND 
~ LORD a 23.3~ PSF 
C) LORD • ~6.68 PSF 
~LORD • 73.12 PSF 
0 
0+-----~------r------.----~------.-----~------~----~~~~~~--~ 9J.oo 5o.oo 100.00 15o.oo 200.00 25o.oo 30o.oo 35o.oo ~oo.oo ~so.oo 5oo.oo 
DISPLACEMENT X lOww-3 lNS. 
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Figure C-32. Drywall Residual Deflection for Wall No. 4 at Design Load, 




WRLL NO. 5 BRICKWALL 
MAX. LORD=24.34 PSF 
NEGATIVE PRESSURE 
(LCJRO ~ ;\lG, I 
LEGEND 
CJ L~ROsl lN. 
C) L~R0z2 !N. 
A LOI10•3 IN. 
+ L~l10•!< lN. 
)( L0110• ... 5B lN. 
81-----~----c-·~~~~-~~~-~~~~~~-~~ro-~ 6. 0 50 00 :bo.oo I5o.oo zao.oo 25o.oo 3oo.po 3So.oo .. aa.oa 






























. -......--·--r-9:J. ao so. oo teo. oc 
-- ··---·---·---·--·--··---l WALL NO. 5 BRICKWALL fLOROINGJ 
MAX. LOA0=48. 64 PSF 
NEGATIVE PRESSURE 
LEGEND 
CJ LORD• I IN. 
C) LOI'I0•2 lN. 
A LOR0•3 IN. 
+ LORD•~ lN. 
X LDR0•5 IN. 
<!) LORC•6 IN. 
<!" LORC•7 lN. 
~ LCIRC•B IN. 
z LORC•9 IN. 
1' LDR0•9.36 lN. I 
N 0 T E : L CJ A 0 IS i: ~J INS • Cl F W A T-~~..,---J 
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!50.00 200.00 250.00 300.00 350.00 ~00.00 ~50.00 500.00 
DISPLACEMENT X lOww-3 !NS. 












W A L L N CL 5 8 R I C K W A L L ( L 0 A 0 I ~~ 
MAX. LOAD=73. 12 PSF 
NEGATIVE PRESSURE 
LEGEND 
c:J LllRO~ I lN. 
C) LllR0=2 IN. 
~ LCRO•'l lN. 
+ LOR0~6 lN. 
X LORO•B lN. 
¢ LCRO•lO lN. 
+ l.CRO•Il lN. 
Ji:: LCR0•12 lN. 
z LCRO~ 13 IN. I 
I 
g -~T~ L 0 R o_~; S--IN l N S.:__O ~~r-~~-~---J 
9:!+.-oo--J.,..-o.-o-o ---2.--o.-oo- 30.oo 40.oo so.oo so.ao 70.co Bo.oo 9o.oo too.oo 
OISPLAC~MENT X lONH-2 INS. 
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WALL NO. 5 BR I CKWALL lLOAD I NGl 
MAX. LOAD=24. 34 PSF 
NEGATIVE PRESSURE 
LEGEND 
C) LClF!0•2 IN. 
a LI:IR0•3 IN. 
+ LClRO•II IN. 
X UlRO•Il..SB IN. 
I 
I 
I NOTE: LOAD IS HJ INS. OF WATER I 
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~.:-~-::1 -:----:r-:-=--~-.------r--r----,..---..,.----,.---,---1 ~.Jo sb.oo Joo.oo Iso.oo 2oo.co zso.oo ooo.oo 3so.oo 11oo.oo IISo.oo soo.oo 
DISPLACEMENT X lOMw-3 INS. 























9:J. DO 50.00 
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WRLL NO.5 BRICKWRLL (LORDINGl 
MRX. LOR0=48. 64 PSF 
NEGATIVE PRESSURE 
LEGEND 
(!] LllFIO~! IN. 
C) LllFI0•2 IN. 
6 LllFI0=3 IN. 
+ LCFIO•ilo IN. 
X LIJFI0•5 IN. 
<:;> LOFI0•6 lN. 
'f'o LOFI0•7 IN. 
~ LOFIO•B HI. 
z LllFI0•9 IN. 
l' LOR0•9.36 IN. 
NOTE: LORD IS IN INS. OF WATER 
1oo.oo 15o.oo 2oo.oo 2so.oo 3oo.oo 350.oo .. oo.oo .. 5o.oo 5oo.oo 
DISPLACEMENT X lOMM-3 INS. 






















9J+. -00----rl D. DO 20.00 
WALL N("j. 5 UR'IWALL fL~AOINGJ 
MAX. L~AD= 73. 12 PSF 
NEGATIVE PRESSURE 
LEGEND 
CJ UlRO•l 1 N. 
C) L.OR0•2 IN. 
~ Ll'IRO•II IN. 
+ LllR0•6 IN. 
X t.DR0•8 IN. 
¢ LllRO•IO IN. 
<f- LllRO•ll IN. 
)(: LllR0•12 IN. 
z LllR0•13 IN. 
y LClRO•I~ IN. 
NOTE: L("jAO IS IN INS. OF WATER 
-r---·-·-·--r --- --r------·""T·--·---- ·r-----r- --. -· -,----
30.00 110.00 50.00 60.00 70.00 80.00 9D.OO IOD.OO 
DISPLACEMENT X lOHH-2 INS. 
















BRICKWALL NO. 5~ 
RESIDUAL DISPLACEMENTS 
LEGEND 
~ LDRO • 23.3~ ?SF 
C) LDRO • 46.66 PSF 
;!>LORD • 73.12 PSF 
0 ~~-~o~o--~s~o~.~oo~--~Jo~o-.o~o~~ls~o-.o-o--~2o-o-.-oo--~25-0-.-oo--~30-o-.-oo--~35~o-.-oo--~4o~o-.-oo----4~5o-.-oo--~soo.oo 
DISPLACEMENT X !QMM-3 INS. 
Figure C-39. Brickwall Residual Deflection for Wall No. 5 at Design 













DRIWALL N(J. 5(!] 
RESIDUAL DISPLACEMENTS 
LEGEND 
~ L~RO = 23.3~ PSF 
C) L~RO c ~6.68 PSF 
~ L~RO a 73.12 PSF 
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0~--~--~~~~~=-~=-~~~~~~~~-j 9J oo so.oo 1oo.oo 15o.oo 2oo.oo 25o.oo 30o.oo 35o.oo ~oo.oo '45o.oo soo.oo 
. DISPLACEMENT X lOMM-3 INS. 
Figure C-40. Drywall Residual Deflection for Wall No. 5 at Design Load, 




















5 j zo 
-"! 
"' .r-










L~G E!~O I ~ 
I [:!] L~RO•l IN. 
I 
I C) UJR0•2 IN. 
<!I. LIJR0•3 IN. 
+ L::IRO•« lN. 
)( L~R0•'<.68 IN. 
NCFE: LORD IS I\J INS. CF WATER 
+---....,.sa-. a-a---,! a-a-. o-0--1.--SO. ao 2i:Jo. oo 250.010 300. oo 350. oo ·---:i1l"o. oo -.so. uo 
OISPLRCEMENT X lOMw-3 INS. 
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500.00 














WALL NO. 6 BR I CKWALL lLClAO I NGJ 
MAX. LOA0=48.64 PSF 
NEGATiVE PRESSURE 
LEGEND 
C!J LDFID•l IN. 
C) LDR0•2 IN. 
~ :..aR0•3 IN. 
+ Lr!RO•IIo IN. 
X Ll'lRO•S IN. 
¢ Lr!R0•6 IN. 
'I" LORD•7 lN. 
~ Lr!RD•B IN. 
z Lr!R0•9 lN. 
y LCIRD•9.36 IN. 
NOTE: LOAD IS IN INS. OF WATER 
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9J. ao 50.00 100.00 1so.oo 2oo.oo 2so.tJo 3oo.oo 3-r~o-.o-o-,..,..~b-o.-oo---~-:Do 500.00 
DISPLACEMENT X lOMM-3 INS. 















'll.oo !0.00 20.00 
--------- -··----- ·-




MAX. LlJAD=73.12 PSF 
NEGATIVE PRESSURE 
LEGEND 
~ O..ClR0•'4 lN. 
~ LClRO•IO lN. 
+ LClRO•ll IN. 
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~ l~R0•12 IN. 
z UlR0•13 IN. 
y LClRO=I'< IN. 
(jf WA T E i1 ___ j 
1i:J.oo sb.ao 3o.oo 1oo.oo 3iJ.oo ~b.oo 5b.oo sb.oo 
DISPLACEMENT X ~0""-2 INS. 





















.oo sb.oo 1bo.oo 
WALL NC. 6 BRICKWRLL fLOROINGJ 
MAX. LOR0=24.34 PSF 
NEGATIVE PRESSURE 
LEGEND 
!!J LDAO•I IN. 
(!) LDAD•2 IN. 
A Lt1AD•3 IN. 
+ LCIAD•il IN. 
)( LCIAD•'4.58 IN. 
NOTE, LORD IS IN INS. OF~ 
d;o.oo zbo.oo 250.oo 3oo.oo 35o.oo '40o.oo ~>so.oo soo.oo 
DISPLACEMENT X lONH-3 INS. 
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ol WALL N(L 6 BRICKWRLL (UJROINGl 
~I MAX. LOR0=48. 64 PSF I 




a I ~ " 
§glnltrtt 11 
I"11 I ) I; ~ 
• j .. ill.I/J. 7 ~~ 
LEGE~~O 
CJ Ul~O=l !N. 
C) UJR0=2 IN. 
~ U:lR0~5 1 N. 
X LORO•S :N • 
<1> LOR0•6 lN. 
~ LORO•a lN. 
z Li:lRD•9 lN. 
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I 
y U:lR0~9. 36 ! N. 
NOTE: LOAD IS IN INS. OF ri_RiE~ __ J 
~+-.o-a--s.,-b.-o-a -.....-~b-o.-ac--.J~-c.-ao ___ 2li'C':Oii_ zsa.oo 3oa.oc 3SO.ao ~bo.oa ··sa.oo soo.ao 
DISPLACEMENT X lOww-3 INS. 











WALL NO. 6 BRICKWRL.L tLOROINGJ 
MAX. LOR0==73. 12 PSF 
NEGATIVE PRESSURE 
LEGEND 
c::J LORD=! IN. 
C) LJR0•2 IN. 
;!1. LClRD•Il IN. 
+ LOR0•6 IN. 
X LCIRD•B IN. 
<!> LORD•IO IN. 
't'- lClRO•ll IN. 
z LClR0•13 IN. 
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)?: LOR0•12 IN. ~~~ 
y LORD•lt< IN. 
gl NOTE: LORD IS IN INS. OF WATER I 
9J:+_-ao----t-.b --o-o ---a,--b .-oo----,3b ___ o o---t<b:Oo so. o a so. oo 10. oo so. oo ~go-. o-o--1 oo. a a 
DISPLACEMENT X 10~~-2 INS. 






























BRICKWALL NO. 6 
RESIDUAL DISPLACEMENTS 
LEGEND 
~LORD • 23.3~ PSF 
C) LORD • ~6.68 PSF 
~LORD • 73.12 PSF 
c 
0 ~~~--~~~~~~~~~--~--~--~--~ SD.OD 100.00 150.00 200.00 250.00 3DD.OO 350.00 ~00.00 ~50.00 500.00 
DISPLACEMENT X lOMM-3 INS. 
Figure C-47. Brickwall Residual Deflection for Wall No. 6 at Design 










DRYWALL N(). 6 
RESIDUAL DISPLACEMENTS 
LEGEND 
~ ~CRO • 23.3~ PSF 
C) LCRO • ~6.58 PSF 
~ LCRO • 73.12 PSF 
c 
., ~~-~O~D--~5rD.~O~O--~lD~O~.D~D~~l~S~O.~O~D--~20CO~.=oa~~2~S7o.~o7a--~3r.00~.~00~~35~0-.0~D---~~00-.-0-0--~~5-0-.0-0--~SOO.OO 
OISPLRCEMENT X lQHM-3 INS. 
Figure C-48. Drywall Residual Deflection for Wall No. 6 at Design Load, 
Twice Design Load and Three Times Design Load, Respectively. 
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